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Abstract
Regulated and repeated cell division is necessary for the development, growth,
and reproduction of multicellular organisms. A central purpose of mitosis is to
faithfully pass hereditary information from one cell onto two genetically identical
daughter cells, thus maintaining genomic stability. Cells employ several mechanisms
for maintaining genomic stability, including well-characterized cell cycle checkpoints.
However, chromosome segregation errors can occur in spite of these regulatory
mechanisms. Such errors can result in an improper number of chromosomes being
distributed to daughter cells – termed aneuploidy – or improper localization of
chromosomes into separate satellite nuclei – termed micronuclei. What, if any,
additional mechanisms may prevent aneuploidy and micronuclear formation? One
long-standing hypothesis in the field is that chromosome alignment at the mitotic
spindle equator prior to segregation may play an essential role in facilitating the equal
portioning of chromosomes to daughter cells. To test this, we analyzed cells and mice
lacking the function of KIF18A, a kinesin family motor protein required for
chromosome alignment. We found that alignment-deficient cells continue to maintain
normal copy numbers in vitro and in vivo, suggesting that alignment of chromosomes is
not required for maintaining euploidy. However, cells lacking KIF18A displayed
interchromosomal compaction defects during anaphase, which in turn lead to abnormal
nuclear morphology and micronucleus formation. Micronuclei contain whole or
fragmented chromosomes spatially separated from the main nucleus and are associated
with genomic instability and tumorigenesis. Paradoxically, we found that Kif18a
mutant mice produce micronuclei but do not develop spontaneous tumors. Furthermore,
loss of Kif18a had modest or no effect on survival of Trp53 homozygotes and
heterozygotes, which form thymic lymphoma. Our analyses indicate that micronuclei in
Kif18a deficient cells form stable nuclear envelopes characterized by (1) increased
recruitment of nuclear envelope components, and (2) successful expansion of
chromatin, which must decondense as cells exit mitosis, compared to the envelopes of
micronuclei which form following nocodazole washout or radiation exposure. We
provide evidence that this stability occurs as a result of lagging chromosomes being
positioned closer to the main chromatin masses in KIF18A KO cells, suggesting a
potential positive regulation of nuclear envelope formation. These data suggest that not
all micronuclei actively promote tumorigenesis and raise important questions about the
impact of micronuclei on genomic stability in vivo.
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Chapter 1: Introduction
Regulated and repeated cell division is necessary for the development, growth,
and reproduction of multicellular organisms (Alberts et al., 2002). A central purpose of
mitosis is to faithfully pass hereditary information from one cell onto two genetically
identical daughter cells, thus maintaining genomic stability (Alberts et al., 2002).
Execution of this aim requires careful molecular and mechanical regulation of the cell
cycle, as well as the assembly of specific mitotic machinery, to accurately and faithfully
segregate replicated chromosomes into each daughter cell (Alberts et al., 2002). Although
a great deal of research has been undertaken to understand genomic instability and its
impacts, the mechanisms that maintain genomic stability are incompletely elucidated
(Lee et al., 2016).
Several types of genomic instability have been investigated and characterized,
including numerical chromosome instability, the gain or loss of entire chromosomes
resulting in aneuploidy; structural chromosome instability, which include translocations,
inversions, or alterations of chromosomal structures; and somatic copy number
alterations, which manifest as duplications or losses of genes (Boveri, 1902; Trackholm,
1922; Cimini et al., 2001; Holland and Cleveland, 2009; Bakhoum and Swanton, 2014;
Tijhuis et al., 2019; Gerlach and Herranz, 2020). In addition, unresolved DNA damage or
chromosome segregation errors during mitosis can threaten the conservation of genomic
integrity by introducing chromosomal instability (CIN), referring to an elevated rate of
the continuous mis-segregation of chromosomes from one cell cycle to the next (Holland
and Cleveland, 2009; Yao and Dai, 2014; Bakhoum and Swanton, 2014). CIN leads to
1

wide variations in karyotype throughout a population of cells, commonly underlies
aneuploidy, and is associated with aggressive tumors – due to adaptive resistance granted
by these quickly evolving genotypes (Holland and Cleveland, 2009; Hanahan and
Weinberg, 2011; Pfau and Amon, 2012; Potapova et al., 2013; Bakhoum and Swanton,
2014).
Cells have developed several mechanisms for maintaining genomic stability
(Nicklas, 1997). Chief among these, cell cycle checkpoints are signaling mechanisms that
monitor progression and when necessary, arrest the cell cycle, directly preventing cycle
advancement until necessary conditions from previous phases are satisfied (Alberts et al.,
2002). One of the most extensively studied checkpoints is the DNA damage checkpoint
controlling progression from G1 to S-phase, which ensures that damaged DNA is
repaired before replication occurs (Kastan and Bartek, 2004). This checkpoint is
mediated by p53, a transcription factor with tumor suppressor activities often described
as the guardian of the genome (Figure 1-1). In the event that DNA damage is identified,
p53 is stabilized and accumulates within the nucleus where one of its transcriptional
targets, an inhibitor of cyclin-dependent kinases, silences cyclin E/Cdk2 kinase activity,
thus preventing progression into S phase and arresting the cell in G1 (Kastan and Bartek,
2004; Yao and Dai, 2014). The activities and downstream targets of p53 are vast and
scale to the detected level of DNA damage. In the event that DNA damage is too
extensive to be efficiently repaired, p53 can cause senescence, preventing further division
cycles by the offending cell (Yao and Dai, 2014).
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Figure 1-1. The tumor suppressor, p53, enables a variety of downstream responses to detected DNA
damage.

Once a cell satisfies this checkpoint and completes DNA replication and repair
in S phase, the S phase DNA damage checkpoint permits entry into mitosis (Kastan and
Bartek, 2004. At the onset of mitosis, the cell rounds as chromatin condenses to form
chromosomes, while the nuclear envelope, which provides structural support and
protection of the genetic information stored within the nucleus, undergoes disassembly
(Figure 1-2; Ellenberg et al., 1997). A bipolar mitotic spindle forms from dynamic
microtubules emanating from two physically separated spindle poles along a lengthwise
axis.
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Figure 1-2. The nuclear envelope (black), an extension of the endoplasmic reticulum (ER), begins to
break down, and chromatin (blue) condenses into chromosomes. Various nuclear envelope components
are stored in different locations of the mitotic cell. Some peripheral nuclear membrane components (red),
such as lamin B, are stored within the membranes of the ER; nuclear pore components (not pictured) are
largely targeted to the kinetochores, which assemble at centromeres of chromosomes, and integral nuclear
membrane components, such as lamin A/C (yellow), are dispersed ubiquitously throughout the cytoplasm.

Once assembled, the spindle functions to generate the coordinated pushing and
pulling forces required to segregate chromosomes (Scholey and Scholey, 2010).
Microtubule plus ends, which are oriented toward the middle of the cell, undergo
dramatic length changes and form attachments to centromeric regions of chromosomes at
assembled kinetochores, protein structures which support physical attachments between
spindle microtubules and chromosomes (Figure 1-3; Scholey and Scholey, 2010;
Yamamoto, 2021). Movement of chromosomes is achieved via the lengthening and
shortening of microtubules comprising the spindle: chromosomes oscillate back and forth
along the spindle as a result of these dynamic microtubule length changes (Scholey and
Scholey, 2010; Yamamoto, 2021). Molecular motors, including many members of the
kinesin superfamily, work in concert to mechanically regulate microtubule and spindle
function through a variety of specialized roles (Wordeman, 2010).
4

Figure 1-3. A bipolar spindle, comprised of dynamic microtubules forms once the spindle poles
(black) separate. Attachments are made between bundles of microtubules (red) and kinetochores (green),
located at chromosome (blue) centromeres. Once all kinetochores are properly attached, chromosome
segregation commences, marked by chromosomes being pulled toward either spindle pole. Errors in this
process can lead to daughter cells with erroneous chromosome copy numbers (aneuploidy), DNA damage,
or chromosome localization defects.

A tension-based error correction pathway (Figure 1-4) is mediated by the kinase
Aurora B, which is enriched at kinetochores (Maddox et al., 2003; Hauf et al., 2003;
Lampson and Cheeseman, 2011; Yamamoto, 2021). This error-correction mechanism
ensures sister kinetochores are captured by bundles of microtubules originating from
opposite poles, indicating that correct, bioriented attachments have been made (Nicklas,
et al., 1994; Nicklas, 1997; Hauf et al., 2003; Lampson and Cheeseman, 2011;
Yamamoto, 2021). When correct attachments are achieved, tension is produced between
the two sister kinetochores as each is stretched to face the two opposite poles, and these
kinetochore attachments become stabilized (Nicklas, 1997; Hauf et al., 2003; Lampson
and Cheeseman, 2011; Yamamoto, 2021). Alternatively, when incorrect attachments that
do not generate sufficient separation and tension between sister kinetochores are made,
5

the error correction pathway causes detachment of those incorrect attachments, allowing
subsequent attempts to capture and establish new, correct kinetochore-microtubule
attachments (Nicklas, et al., 1994; Nicklas, 1997; Hauf et al., 2003; Musacchio and
Salmon, 2007; Foley and Kapoor, 2012; Yamamoto, 2021).

Figure 1-4. A tension-based error correction pathway causes detachment of microtubules of
improper attachments to allow correct, bioriented, and end-on attachments between kinetochores
and microtubules to become established. This tension is sensed at the innerkinetochore by Aurora B
(Santaguida et al., 2011).

Additional regulation of the cell cycle is maintained by the Spindle Assembly
Checkpoint (SAC; Figure 1-5). This checkpoint remains activated to prevent premature
chromosome segregation until all kinetochores achieve sufficient kinetochoremicrotubule attachments (Nicklas, 1997; Hauf et al., 2003; Musacchio and Salmon, 2007;
Santaguida et al., 2011). When all kinetochores have been captured, the SAC is silenced
and anaphase commences, marked by the start of chromosome segregation.

6

Figure 1-5. The Spindle Assembly Checkpoint (SAC) is inactivated when all unattached kinetochores
have been satisfied, thus formally allowing the onset of anaphase. Adapted from Maresca and Salmon,
2010.

In addition to processes regulating correct kinetochore-microtubule attachments
and cell cycle progression, mechanisms exist to ensure chromatin is packaged correctly to
form a single nucleus per daughter cell. The coordination of synchronous chromosome
segregation is facilitated by (1) simultaneous commencement of segregation via silencing
of the SAC, (2) promotion of microtubule poleward flux-dependent force equalization at
kinetochores (Matos et al., 2009), (3) clustering of chromosomes together during
segregation (interchromosomal compaction; Figure 1-3; Ohsugi et al., 2008), and (4)
axial shortening of chromosome arms (intrachromosomal compaction; Mora-Bermúdez et
al., 2007). This coordination of mechanisms to ensure synchronous segregation of
compact chromatin masses is integral for proper nuclear envelope templating in
telophase, as defects in interchromosomal compaction are capable of disrupting this
reformation (Mora-Bermúdez et al., 2007; Ohsugi et al., 2008; Güttinger et al., 2009).
When clustered chromatin masses arrive at the poles, histone modifications and
recruitment of nuclear pore components allow chromatin to decondense and permit
interaction with mediators of the nuclear envelope (Ellenberg et al., 1997; Anderson and
7

Hetzer, 2007; Güttinger et al., 2009; Zhiteneva et al., 2017; Kuhn et al., 2019). These
mediators initiate signaling cascades to recruit and reassemble a single nuclear envelope,
fully encasing the total chromatin content partitioned to each daughter (Ellenberg et al.,
1997; Anderson and Hetzer, 2008; Clever et al., 2013; De Magistris and Antonin, 2019).
If chromosome compaction is lost and one or more chromosomes lag behind the main
mass, these lagging chromosomes may fail to incorporate within a single nucleus.
Instead, lagging chromosomes may form a secondary extranuclear body, termed a
micronucleus (Figure 1-3). Micronuclei contain whole, or fragmented chromosomes,
which are spatially excluded from the primary nucleus, and are often encased in a
separate nuclear envelope (discussed in more detail below).
In addition to these primary pathways, there may be other mechanisms that
prevent genomic instability from arising during mitosis. Beyond its role in the tensionsensing error correction pathway, Aurora B also acts to promote cytokinesis and stabilize
midbody microtubules, which provide physical support to the spindle during the
transition from anaphase to cytokinesis (Ferreira et al., 2013; Wu et al., 2013; Alfonso et
al., 2014; Basant, et al., 2016). This important role of Aurora B supports genomic
stability by maintaining sufficient, physical separation of chromosomes, preventing
spindle collapse during cytokinetic furrow formation (Ferreira et al., 2013; Alfonso et al.,
2014; Maiato et al., 2015; Wu et al., 2013). Recent perspectives have shed new light on
the regulation of nuclear envelope reassembly, essential to the formation of a single,
stable nucleus per cell. At present, there is not yet consensus regarding how or whether
active prevention of micronuclear formation occurs (Alfonso et al., 2014; Liu et al., 2018;
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Orr et al., 2021). One mechanism that has been described relates to another of Aurora B’s
activities during anaphase. It has been previously shown that Aurora B promotes the
dissociation of nuclear envelope membranes from chromosomes in early mitosis (Tseng
and Chen, 2011). Additionally, a FRET-based sensor was used to map Aurora B kinase
activity during anaphase, demonstrating that localized pools of active Aurora B are
highly enriched in the spindle midzone at anaphase (Fuller et al., 2008). It is thought that
these active pools of Aurora B may continue to be destabilizing to the premature
reassembly of nuclear envelope components (Ramadan et al., 2007; Fuller et al., 2008;
Tseng and Chen, 2011). In this newly proposed model, active populations of Aurora B
function as a “molecular ruler” during anaphase chromosome segregation to prevent
premature re-templating and assembly of the nuclear envelope until chromosomes have
achieved sufficient separation (Figure 1-6 Alfonso et al., 2014; Maiato et al., 2015; Orr et
al., 2021). Compelling evidence for this model includes data that premature nuclear
envelope reformation did occur when (1) active Aurora B was inhibited via a small
molecule during late anaphase, or when (2) direct downstream targets of Aurora B were
prevented from interaction with Aurora B at this very specific window (on the order of
minutes) within the cell cycle (Orr et al., 2021). Through extensive live imaging with
high temporal resolution, this work also demonstrated that segregating cells show a bias
toward successful reincorporation of spontaneously occurring lagging chromosomes (Orr
et al., 2021). Although a notable proportion of cells do exhibit at least one lagging
chromosome during anaphase, if Aurora B remains active, the vast majority of these
lagging chromosomes become incorporated within the main nucleus rather than a
9

micronucleus (Alfonso et al., 2014; Orr et al., 2021). A secondary model points to
potential negative regulation provided by steric hindrance of nuclear envelope assembly
by tightly bundled midzone microtubules (Figure 1-6; Liu et al., 2018). This model is
supported by high resolution imaging that revealed assembly of some nuclear envelope
components was prevented around regions of lagging chromosomes that were located
within the tightly bundled microtubules of the midzone in late anaphase and telophase
(Liu et al., 2018). This was contrasted by the successful assembly of these nuclear
envelope components on lagging chromosomes which formed micronuclei behind one of
the spindle poles (Liu et al., 2018). Both models suggest additional regulatory
mechanisms to discourage complete micronuclear envelope formation from occurring
based on the location of lagging chromosomes in the midzone.

Figure 1-6. An active gradient of Aurora B (yellow) enriched at the midzone, appears to prevent
reassembly of nuclear envelope components if chromatin is not sufficiently separated. Another model
suggests that bundled midzone microtubules may provide steric hindrance, thereby preventing recruitment
of nuclear envelope components to micronuclei forming in the midzone.

10

Loss of these regulatory mechanisms can lead to either whole chromosomal
aneuploidies, chromosomal structural defects, or both, among the resulting daughter cells
(Nicklas, 1997; Cimini et al., 2001; Musacchio and Salmon, 2007; Foley and Kapoor,
2012). Investigating the regulation and failures of these mechanisms is key to
understanding the types of defects capable of leading to genomic instability. Of the
possible outcomes from chromosome segregation errors, micronuclei hold distinct
clinical significance due to their use a biomarker strongly associated with genomic
instability (Fenech and Morley, 1985; Bonassi et al., 2007). Micronuclei themselves have
been clinically evaluated for decades: clinicians often use the presence and relative
abundance of micronuclei observed in patient samples to assess and grade tumors
(Fenech and Morley, 1985; Fenech, 2000; Bonassi et al., 2007; Imle et al., 2009; Luzhana
et al., 2013). A high frequency of micronuclei is often associated with particularly
aggressive, chromosomally unstable tumors, as well as poor patient prognosis (Bonassi et
al., 2007; Imle et al., 2009; Fenech et al., 2011; Luzhna et al., 2013). However, the
mechanism underlying this link between micronuclear presence and the outcome of
genomic instability had remained unclear, fueling an open arena of lively research.
How micronucleated cells lead to genomic instability is still under debate. There
are two proposed mechanisms by which micronuclei have been shown to lead to genomic
instability (Figure 1-7). In the first, cells that divide with a micronucleus may do so with
incompletely replicated micronuclear DNA because replication within the micronucleus
is often delayed relative to replication in the main nucleus. Thus, the cell cycle may
progress even though micronuclear DNA remains under replicated, leading to replication
11

fork collapse and shearing of the micronuclear DNA into fragments (Crasta et al., 2012).
These fragments may become reincorporated into one of the newly forming daughter
nuclei, where DNA repair pathways attempt to reassemble the fragments without a
reference DNA template. This, in turn, can lead to extensive erroneous assembly (Crasta
et al., 2012; Jones and Jallepalli, 2012). Secondly, loss of micronuclear envelope
integrity, due to a reduction or absence of nuclear proteins within the micronuclear
envelope, can also lead to genomic instability by exposing the micronuclear chromosome
to damage in the cell’s cytoplasm (Hatch et al., 2013). These pathways are not mutually
exclusive, and both are related to the quality of the micronuclear envelope which
surrounds a micronucleus. Prior research has shown that the micronuclear envelope lacks
a proper density of nuclear pore components, causing the micronuclear DNA to be unable
to import the necessary DNA replication and repair factors required to fully and
efficiently replicate DNA with high fidelity (Hatch et al., 2013; Zhang et al., 2015; Liu et
al., 2018). Additionally, the nuclear envelopes of micronuclei lack density and deposition
of certain envelope components, even when compared to the composition of the primary
nuclear envelope within the same cell (Hatch et al., 2013; Zhang et al., 2015; Liu et al.,
2018). These deficiencies underlie the inherent instability of micronuclear envelopes, and
as a result, micronuclear envelopes frequently experience irreversible rupture and
collapse when exposed to normal cytoskeletal forces (Hatch et al., 2013; Hatch and
Hetzer, 2016; Kwon et al., 2020).
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Figure 1-7. Two pathways in which micronuclei are shown to lead to genomic instability. Both
pathways are related to defective features observed to frequently occur in the nuclear envelope which
surrounds a micronucleus. Damaged chromatin is indicated by the color red. In the first pathway (top),
incompletely replicated chromatin may experience replication fork collapse, leading to double stranded
DNA breaks. These fragments may become reincorporated with the main chromatin mass in a daughter
cell, where end joining repair pathways may erroneously repair these fragments. In the second pathway
(bottom), cytoskeletal forces, which are normally experienced by cells, may be less easily withstood by
micronuclei, leading to irreversible rupture of the micronuclear envelope.

In the past decade, with the advancement of high-fidelity and cost-permissive,
next generation whole genome sequencing strategies, patient tumors have been
sequenced to reveal a newly discovered pattern of catastrophic genomic alterations,
termed chromothripsis, which directly translates to “shattered chromosome,” (Stephens et
al., 2011; Jones and Jallepalli, 2012; Zack et al., 2013). These in vivo examples of widescale, massive genomic devastation were unique in that the mapped structural variations
– including inversions, deletions, insertions, and high clustering of break points, as well
as frequent copy number changes (indicated via loss of heterozygosity) – were often
localized to a single chromosome, while the rest of the genome remained predominantly
13

intact (Stephens et al., 2011; Crasta et al., 2012; Jones and Jallepalli, 2012; Zack et al.,
2013). These immense, but localized, genomic aberrations were mathematically modeled
and determined to have been acquired altogether, in a single, catastrophic cellular event,
rather than via individual, sequentially occurring insults (Stephens et al., 2011; Jones and
Jallepalli, 2012). This provided a striking and paradigm shifting alternative model to the
previously universal mechanism by which cancer was known to arise: rather than a
gradual accumulation of mutations over several years and dispersed throughout the
entirety of the genome with equal opportunity, the mechanism by which chromothripsis
occurs is in a single devastating event, characterized by massive but highly localized
genomic structural changes (Stephens et al., 2011; Jones and Jallepalli, 2012; Zack et al.,
2013; Luijten et al., 2018). Progressive sequencing strategies paired with mathematical
modeling of sequence data revealed that the most likely mechanism by which
chromothripsis arose in vivo, as observed in various patient tumor samples, was via a
chromosome shattering into tens (or up to hundreds) of fragments in a single event,
where fragments were then stitched together by end-joining DNA repair pathways in
random order and orientation to produce a heavily rearranged chromosome (Figure 1-8;
Stephens et al., 2011; Jones and Jallepalli, 2012). The frequency of the mapped unique
rearrangements which aligned to match the chromothriptic chromosome (termed a
‘chromothriptic signature’), appeared frequently throughout tumor sequencing data. The
recurrence of this signature throughout the pooled tumor cell data revealed that the
originating chromothriptic event occurred early in the tumor’s transformation and
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indicated clonal expansion had occurred (Stephens et al., 2011; Jones and Jallepalli,
2012).

Figure 1-8. Mechanism of chromothripsis. When a parental chromosome experiences multiple, clustered
breaks to a specific region, these fragments may be stitched back together using end-joining pathways to
produce a heavily rearranged chromosome, while other genomic fragments remain unincorporated and are
lost. Adapted from Jones and Jallepalli, 2012.

A broad body of studies to investigate the incidence of chromothripsis and
evolution of tumor karyotypes in patient populations identified chromothripsis as an early
driver of tumor development. After being identified as an early event in tumor
progression from tumor sequence data of many tumor sub-types, chromothripsis was
broadly accepted as an initiator of tumor development. This prompted further
investigation into the in vivo prevalence of chromothripsis among patient populations.
Recent investigations into whole-genome data from patient tumor databases identified
chromothripsis to be highly prevalent in various tumor types, such as adenocarcinoma,
15

brain and breast carcinoma, and sarcomas – most notably, osteosarcoma – with
prevalence of chromothripsis as high as 49% in the sequenced patient-derived tumors
from some studies (Zack et al., 2013; Kloosterman et al., 2014; Nones et al., 2014;
Luijten et al., 2018; Cortes-Ciriano, et al., 2020; Voronina, et al., 2020).
With the link between chromothripsis and tumor development more established,
efforts to understand the relationship between micronuclei and chromothripsis
accelerated. Micronuclei provided a perfect platform for the observed pattern of
chromothripsis to occur: a single chromosome isolated within a micronucleus allowed
opportunity for significant damage to be specifically acquired within a localized region of
the genome. In an elegant, first-of-its-kind study to investigate the chromosomal content
of micronuclei, a group of researchers paired long term, live-cell microscopy with singlecell, whole-genome sequencing approaches, a combinatorial strategy termed “Look-seq,”
(Zhang, et al., 2015). The study provided the clear data that micronuclei themselves are
originators of chromothripsis in carefully controlled laboratory conditions, thus
cementing the mechanism underpinning micronuclei and the widescale genomic
instability with which they have been long associated (Zhang et al., 2015).
What, if any, additional mechanisms may prevent aneuploidy and micronuclear
formation? One hypothesis is that chromosome alignment at the spindle equator
preceding segregation may play an essential role in facilitating the equal portioning of
chromosomes to daughter cells (Guo et al., 2013; Maiato et al., 2017). Though this
alignment was observed across many species of eukaryotic cells, the function of
chromosome alignment had remained unclear. Formal investigation of this question was
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limited technically due to the inability to uncouple chromosome alignment from
chromosome attachments to kinetochore-microtubules of the mitotic spindle. Prior work
indicates that the kinesin motor KIF18A is required for chromosome alignment at
metaphase (Stumpff et al., 2008; Stumpff et al., 2012). A processive motor, KIF18A
concentrates on the plus ends of kinetochore-microtubules and directly suppresses
kinetochore-microtubule dynamics to dampen chromosome oscillatory movements
(Stumpff et al., 2008; Stumpff et al., 2012). Although alignment is disrupted in all cells
lacking KIF18A, a defect in proper kinetochore-microtubule attachments is shown to be
cell type specific (Czechanski et al., 2015). While germ cells and some tumor cells
require KIF18A to satisfy proper attachments between kinetochores and microtubules,
non-transformed, somatic cells are able to proceed through mitosis following a failure to
align chromosomes (Czechanski et al., 2015; Marquis et al., 2021). Thus, loss of KIF18A
provides a unique opportunity to separate the specific roles of chromosome alignment
and chromosome attachment. Is chromosome alignment in metaphase critical for
maintenance of genomic stability? We know that chromosome alignment is not required
for somatic cells to complete cell division. Is alignment necessary for normal mitotic
timing and rates of proliferation? We used quantitative cell biology approaches to
evaluate the contribution of metaphase chromosome alignment to genomic stability
(Chapter 2).
We know that Kif18a mutant mice, which have chromosomal alignment defects,
are (1) viable, (2) do not develop spontaneous tumors, and (3) have been shown to be
resistant to tumor formation when specifically challenged in a colitis-associated
17

colorectal tumor model (Zhu et al., 2013; Czechanski et al., 2015). What is the purpose of
chromosome alignment, if KIF18A mutant cells do not align their chromosomes, but
Kif18a mutant mice are viable? Does the loss of KIF18A lead to segregation errors that
are resolved, or is alignment dispensable for maintenance of genomic stability? Does
chromosome alignment impact the formation of a single, organized nucleus per daughter
cell? In Chapter 3, we investigate genomic consequences following the loss of KIF18A,
both in vivo, using mouse models, and in vitro, using cultured cell lines.
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2.1 Abstract
Chromosome alignment at the equator of the mitotic spindle is a highly
conserved step during cell division, however, its importance to genomic stability and
cellular fitness are not understood. Normal mammalian somatic cells lacking KIF18A
function complete cell division without aligning chromosomes. These alignmentdeficient cells display normal chromosome copy numbers in vitro and in vivo,
suggesting that chromosome alignment is largely dispensable for maintenance of
euploidy. However, we find that loss of chromosome alignment leads to
interchromosomal compaction defects during anaphase, abnormal organization of
chromosomes into a single nucleus at mitotic exit, and the formation of micronuclei in
vitro and in vivo. These defects slow cell proliferation and reduce postnatal growth and
survival in mice. Our studies support a model in which the alignment of mitotic
chromosomes promotes proper nuclear envelope reassembly and continued
proliferation by ensuring that chromosomes segregate as a compact mass during
anaphase.
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2.2 Introduction
Chromosome alignment at the mitotic spindle equator is a conserved feature of
cell division in eukaryotic cells, suggesting that it has an essential function for accurate
chromosome segregation. Possible functions of chromosome alignment include
promoting attachments between chromosomes and spindle microtubules, preventing
erroneous attachments, promoting equal chromosome segregation during anaphase, and
coordinating anaphase and cytokinesis (Maiato et al., 2017; Kops et al., 2010).
Elucidating the importance of chromosome alignment has been technically difficult due
to an inability to experimentally disrupt chromosome alignment without also altering
attachments between kinetochores and spindle microtubules. Thus, it remains unclear
how chromosome misalignment per se contributes to defects in chromosome copy
number, development, and disease. New experimental models are, therefore, needed to
address the functional importance of chromosome alignment to cellular and organismal
physiology.
In mammalian cells, metaphase alignment requires the confinement of
bioriented chromosome pairs to the spindle equator region. While the majority of
chromosome pairs are located near the center of the spindle at the start of mitosis, some
must be transported to the equator through a process called congression (Magidson et
al., 2011; Kapoor et al., 2006). Paired chromosomes establish end-on attachments to
microtubules emanating from opposite spindle poles via kinetochores, which assemble
at the centromeric region of each chromosome. These bioriented chromosomes undergo
microtubule-driven, oscillatory movements that initially permit excursions away from
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the equator (Skibbens et al., 1993). Therefore, the alignment of bioriented
chromosomes requires the regulation of kinetochore-attached microtubules in a way
that dampens these oscillations and limits them to an area around the spindle center.
Congression, biorientation, and chromosome confinement rely on kinesindependent mechanisms. CENP-E (kinesin-7) transports mono-oriented chromosomes to
the spindle equator and works synergistically with KIF22 (kinesin-10) to promote the
biorientation of chromosome pairs (Kapoor et al., 2006; Barisic et al., 2014; Drpic et
al., 2015; Schaar et al., 1997). Loss of CENP-E or KIF22 function leads to
chromosome segregation defects both in vitro and in vivo (Weaver et al., 2003; Ohsugi
et al., 2008). However, the majority of chromosomes are able to align in cells lacking
either CENP-E or KIF22 (Levesque and Compton, 2001; Schaar et al., 1997; Putkey et
al., 2002), and the presence of attachment defects under these conditions complicates
determination of the primary defect underlying chromosome segregation errors.
Another kinesin motor, KIF18A (kinesin-8), is primarily responsible for the
confinement of chromosome movements during metaphase (Zhu et al., 2005; Mayr et
al., 2007). KIF18A concentrates at the plus-ends of kinetochore microtubules and
functions to reduce chromosome movements through direct suppression of kinetochoremicrotubule dynamics (Stumpff et al., 2008; 2012). Therefore, loss of KIF18A disrupts
the alignment of all chromosomes.
Unlike CENP-E and KIF22, a role for KIF18A in promoting proper
kinetochore-microtubule attachments is cell type specific. Germ cells, as well as some
genomically unstable tumor cell lines, require KIF18A function to satisfy the spindle
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assembly checkpoint and promote the metaphase to anaphase transition (Zhu et al.,
2005; Mayr et al., 2007; Czechanski et al., 2015). These data suggest KIF18A has a
role in establishing or maintaining kinetochore microtubule attachments. In contrast,
primary mouse embryonic fibroblasts lacking KIF18A function progress through
mitosis with normal timing, despite failing to align chromosomes (Czechanski et al.,
2015). Thus, KIF18A’s alignment and attachment functions appear to be separable.
Accordingly, Kif18A mutant mice survive to adulthood, although at slightly lower than
the expected Mendelian ratio (Czechanski et al., 2015; Reinholdt et al., 2006).
Collectively, these data implicate KIF18A-deficient somatic cells as a useful model
system to determine the consequences of division with unaligned, but correctly
attached, chromosomes.
Here, we show that mitotic cell division in the absence of chromosome
alignment does not significantly alter chromosome copy number. Instead, chromosome
alignment is required for proper nuclear envelope reformation and the organization of
all chromosomes into a single nucleus. These defects reduce proliferation, leading to
slow growth and sub-viability in mice. Our results define the physiological role of
chromosome alignment independent of chromosome attachment, highlighting the
importance of metaphase chromosome organization for proper nuclear envelope
templating and proliferation in the next cellular generation.
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2.3 Results
Human somatic cells deficient for KIF18A function divide in the absence of
chromosome alignment. To determine if chromosome alignment is required for cell
division in normal human cells, we tested the effects of KIF18A depletion on mitotic
chromosome organization and progression through mitosis in a human retinal pigment
epithelial cell line (RPE1) immortalized by human telomerase expression (hTERT).
hTERT-RPE1 cells were derived from a female and are near diploid, containing a
modal chromosome number of 46 with a single derivative X-chromosome. These cells
have a robust spindle assembly checkpoint response and display chromosome
segregation errors under conditions that promote abnormal kinetochore microtubule
attachments (Uetake and Sluder, 2010; Thompson and Compton, 2008).
To determine the effects of KIF18A depletion on chromosome alignment in
normal human somatic cells, we treated hTERT-RPE1 cells with control or KIF18Aspecific siRNAs and then fixed and stained for kinetochores and centrosomes. We
quantified chromosome alignment by measuring the distribution of kinetochores along
the spindle axis, as previously described (Stumpff et al., 2012; Fonseca and Stumpff,
2016). The distribution of kinetochores within the spindle was significantly increased in
hTERT-RPE1 cells 48, 96, and 144 hours after KIF18A knockdown (KD) (Figure 2-1
A-B). To achieve complete ablation of KIF18A function, we used CRISPR-Cas9
genomic editing to generate a homozygous KIF18A knockout (KO) hTERT-RPE1 line.
Using antibodies that recognize either the C-terminus or the motor domain of KIF18A,
we confirmed that these KIF18A-KO cells have undetectable KIF18A protein. (Figure
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2-S1). We found that the null cells also display chromosome alignment defects similar
to those seen in KIF18A-KD cells. Importantly, expression of EGFP-KIF18A, but not
EGFP alone, rescues chromosome alignment in KIF18A-KO cells (Figure 2-1 C-D).
Thus, the chromosome alignment defects in KIF18A-KO cells are due specifically to
the loss of KIF18A activity.
We used live cell imaging to directly determine whether hTERT-RPE1 cells
require KIF18A for progression through mitosis. In contrast to the long, spindle
assembly checkpoint dependent mitotic arrest displayed by KIF18A-depleted HeLa
cells (Zhu et al., 2005; Mayr et al., 2007; Stumpff et al., 2008), the time from nuclear
envelope breakdown to anaphase is moderately extended from a mean of 20.0 ± 3.3
minutes in control cells to 25.6 ± 8.2 and 31.0 ± 10.5 minutes in KIF18A-KD and KO
hTERT-RPE1 cells, respectively (Figure 2-1 E-F). Taken together, these data indicate
that hTERT-RPE1 cells lacking KIF18A function are able to complete cell division in
the absence of chromosome alignment, similar to primary embryonic fibroblasts
derived from Kif18Agcd2/gcd2 mutant mice, which carry a mutation that completely
inactivates KIF18A (Czechanski et al., 2015). These features permitted us to use
KIF18A loss of function cells from mouse and human as tools to determine the
consequences of undergoing cell division without mitotic chromosome alignment.
Chromosome alignment is largely dispensable for equal chromosome
segregation. To determine whether chromosome alignment is required to maintain
proper chromosome copy number, we analyzed hTERT-RPE1 cells treated with
KIF18A siRNAs for 6 days using chromosome specific fluorescence in situ
32

hybridization (FISH) probes. hTERT-RPE1 cells display a doubling time of 14-24
hours (Uetake and Sluder, 2004), and therefore, are expected to complete
approximately 6 divisions in the absence of chromosome alignment during the
treatment period. KIF18A knockdown did not significantly alter the copy number of the
10 chromosomes we analyzed when compared to control siRNA treated cells (Figure 22 A-B, Table 2-S1). As a positive control, we analyzed chromosome copy number in
hTERT-RPE1 cells treated with siRNAs targeting the spindle assembly checkpoint
protein MAD2. Depletion of MAD2 promotes premature anaphase chromosome
segregation prior to chromosome alignment in the presence of abnormal kinetochore
microtubule attachments, which lead to chromosome segregation errors (Canman et al.,
2002; Meraldi et al., 2004; Michel et al., 2001). In contrast to KIF18A knockdown
cells, MAD2 knockdown cells were aneuploid for all chromosomes tested (Figure 2-2B,
Table 2-S1), consistent with previous reports (Michel et al., 2001). We also measured
the total number of chromosomes present in mitotic KIF18A-KD and KIF18A-KO
RPE1 cells, as well as primary embryonic fibroblasts from Kif18Agcd2/gcd2 mice. In all
cases, chromosome numbers were comparable to those found in matched control cells
(Figure 2-2 C-D).
To test the possibility that aneuploid KIF18A-deficient cells were being
eliminated from the population via apoptosis, we measured the percentage of KIF18AKD cells positive for cleaved caspase-3, an apoptotic marker. KIF18A-KD cells did not
display an increase in cleaved caspase-3 relative to control treated cells 48 or 144 hours
after siRNA treatment (Figure 2-S2). Furthermore, our previous analyses of apoptosis
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in MEFs from Kif18Agcd2/gcd2 mice indicated no increase in TUNEL-positive cells
compared to wild type MEFs (Czechanski et al., 2015). Taken together, these data
indicate that chromosome alignment per se is largely dispensable for the maintenance
of euploidy and that abnormal kinetochore microtubule attachments likely underlie
segregation errors in MAD2-depleted cells.
Loss of KIF18A leads to nuclear organization defects in interphase cells.
Despite the lack of evidence for chromosome copy number changes, we observed that
KIF18A-deficient interphase cells display defects in nuclear organization. Loss of
KIF18A function leads to an increase in cells with micronuclei (Figure 2-3A). The
percentage of KIF18A-KD hTERT-RPE1 cells with micronuclei increases with time
following siRNA treatment (Figure 2-3B). Similarly, both KIF18A-KO hTERT-RPE1
cells and Kif18Agcd2/gcd2 MEFs display a significant increase in micronuclei compared to
control cells (Figure 2-3 C-D). The majority of these micronuclei (~70-85%) are
positive for centromeres, consistent with most containing whole chromosomes (Figure
2-3E). KIF18A deficiency also leads to the formation of micronuclei in vivo. The
percentage of micronucleated reticulocytes is significantly increased in both
Kif18Agcd2/gcd2 and in Kif18Agcd2/+ mice relative to controls in an additive manner
(Figure 2-3F). The level of micronucleated reticulocytes in Kif18Agcd2/gcd2 mice is
comparable to that of mice with genomic instability due to deficient DNA double
strand break repair (ataxia telangiectasia-mutated, ATMtm1Awb/tm1Awb) (Figure 2-3F).
These results indicate that KIF18A-dependent chromosome alignment is required to
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prevent micronucleus formation, and that a single functional allele of Kif18a is not
sufficient for normal genetic stability.
In addition to micronuclei, KIF18A-deficient cells contain abnormally shaped
primary nuclei with a lobed appearance (Figure 2-3G). To quantify this phenotype, we
measured the solidity of DAPI-stained nuclei in control and KIF18A-KO hTERT-RPE1
cells. KIF18A-KO cells displayed a significant increase in the percentage of primary
nuclei with solidity values that differed by more than two standard deviations from the
mean solidity of control cells (Figure 2-3 G-I). Thus, loss of KIF18A activity disrupts
the normal convex shape of primary nuclei in hTERT-RPE1 cells.
Micronuclei and abnormal nuclear shapes form as KIF18A-deficient cells
exit mitosis. To determine if the interphase nuclear organization abnormalities
observed in KIF18A-deficient cells result from mitotic defects, we analyzed when
micronuclei and lobed primary nuclei form relative to cell division in live KIF18A-KO
cells expressing H2B-GFP (Figure 2-4, Figure 2-S3, and Supplemental Movies S1-S3).
We found that 9.8% of daughter cells formed micronuclei as chromatin decondensation
occurred at the end of mitosis in KIF18A-KO cells compared to 1.2% in hTERT-RPE1
control cells (Figure 2-4 A-B and Table 2-S2). This percentage is comparable to the
fraction of cells with micronuclei observed in fixed KIF18A KO cells (Figure 2-3C).
While the shape of primary nuclei in cells entering mitosis (“mother cells”) was
comparable between KIF18A-KO and control cells (Figure 2-4 C-D), KIF18A-KO
daughter cells formed a significantly higher fraction of abnormal nuclei than control
cells during mitotic exit (Figure 2-4 E-F). The percentage of daughters with abnormal
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nuclear shapes is strikingly similar to the percentage of cells with abnormal nuclear
shapes observed in fixed samples (Figure 2-3 H-I). These data strongly suggest that
mitotic chromosome alignment defects underlie the majority of the nuclear organization
abnormalities observed in interphase cells lacking KIF18A function.
Disruption

of chromosome alignment

leads

to inter-chromosomal

compaction defects and abnormal nuclear envelope reformation. To gain an
understanding of how nuclear organization problems result from mitotic defects in
KIF18A-deficient cells, we compared chromosome segregation and nuclear envelope
reformation in the presence and absence of KIF18A function. These analyses revealed
that anaphase chromosomes are more broadly distributed in both KIF18A-KO and
KIF18A-KD cells compared to controls (Figure 2-5 A-C). Chromosome distributions
during anaphase were quantified by measuring the standard deviation of centrosome-tokinetochore distances within each half spindle. KIF18A-KD and KIF18A-KO hTERTRPE1 cells display a greater variance in pole-to-kinetochore distances than control cells
(Figure 2-5 B-C). These data indicate that KIF18A is required for inter-chromosomal
compaction during anaphase.
Defects in inter-chromosomal compaction are predicted to disrupt proper
nuclear envelope reformation during telophase (Mora-Bermúdez et al., 2007). To test
this, we assayed the distribution of lamins in fixed telophase cells by measuring the
deviation of average fluorescence intensity (DAI) along the long axis of each DNA
mass in cells immunofluorescently labeled for lamin A/C (Figure 2-5 D-F). KIF18AKO cells showed a significantly increased variance in lamin A/C signal along the
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chromosome mass compared to controls, indicating that lamin is abnormally distributed
during nuclear envelope reformation in the absence of KIF18A.
Lagging chromosomes in KIF18A-depleted cells travel longer distances in
anaphase. To determine the basis of inter-chromosomal compaction and nuclear
organization defects in KIF18A-deficient cells, we imaged chromosome and
kinetochore dynamics during mitosis with high temporal resolution. Analyses of H2BGFP expressing anaphase cells confirmed inter-chromosomal compaction defects
during anaphase following KIF18A-KD (Figure 2-6A). Of 22 cells imaged from
metaphase to telophase, 18 displayed obvious anaphase compaction defects and lagging
chromosomes (82%). In 11.4% of the daughter cells resulting from Kif18A-KD cell
divisions (5 of 44), we observed that a lagging chromosome was excluded from the
primary nucleus and formed a micronucleus (Figure 2-6A). These data suggest that, in
the absence of KIF18A function, micronuclei form around lagging mitotic
chromosomes that arrive late to the poles during anaphase.
To understand the underlying defect causing lagging chromosomes in KIF18Adeficient cells, we tracked the movements of fluorescently labeled kinetochores in
KIF18A and control siRNA treated cells stably expressing EGFP-CENP-A and EGFPCentrin-1 (Figure 2-6B) (Magidson et al., 2011). These studies revealed that lagging
chromosomes in KIF18A-KD cells moved to the poles with normal speeds and
velocities but began anaphase at significantly increased distances from the pole, and
therefore, moved longer distances during anaphase (Figure 2-6 C-F). However, the time
that chromosomes were moving to the poles during anaphase was not changed in
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KIF18A-KD cells relative to controls. In contrast, we found that lagging kinetochores in
MAD2-KD cells move significantly slower but travel similar distances to kinetochores
in control cells (Figure 2-6 C-F). The slow movements of lagging chromosomes in
MAD2-KD cells are likely due to merotelic attachments that are not corrected before
the chromosomes prematurely segregate (Cimini et al., 2003). The differences between
the movements of lagging chromosomes in KIF18A-KD and MAD2-KD cells suggest
that merotelic attachments do not significantly contribute to the defects in KIF18A-KD
cells. This conclusion is further supported by the low percentage of late anaphase
KIF18A-KD cells with midzone lagging chromosomes (2.4%, n = 286 cells), which is
comparable to the number observed in late anaphase control cells (1.0%, n = 297 cells,
p = 0.18). Late anaphase lagging chromosomes result from severe merotelic
attachments (Cimini et al., 2004). Taken together, our data suggest that chromosome
alignment defects in KIF18A-KD cells abnormally position chromosomes at anaphase
onset, in turn leading to inter-chromosomal compaction defects and lagging
chromosomes during segregation.
A p53-dependent checkpoint reduces division of micronucleated KIF18Adeficient cells. Micronuclei have been identified as markers of chromosome instability
in tumors and their presence can lead to chromothripsis, a phenomenon involving
extensive structural rearrangements within a single chromosome (Crasta et al., 2012;
Zhang et al., 2015). Interestingly, Kif18a mutant mice form micronuclei in vivo (Figure
2-3F) but have been reported to be tumor-resistant rather than predisposed to tumor
formation (Zhang et al., 2010; Zhu et al., 2013; Nagahara et al., 2011). This raises the
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question of whether KIF18A-deficient cells with micronuclei are able to continue to
proliferate. We used long-term live cell imaging to measure the rate of cell division for
micronucleated cells in KIF18A-KO and control hTERT-RPE1 populations. The
percentage of micronucleated cell divisions was calculated as a function of the fraction
of micronucleated cells in the population. These analyses revealed that micronucleated
hTERT-RPE1 control and KIF18A-KO cells display reduced division rates of 37.5%
and 32.9%, respectively (Figure 2-7 A-B and Table 2-S2). These division rates are
consistent with those measured following induction of micronuclei and chromosome
segregation errors via treatments that do not cause mitotic arrest (Soto et al., 2017).
Previous studies have indicated that micronucleus formation can lead to cell cycle
arrest via a p53-dependent checkpoint (Sablina et al., 1998; Thompson and Compton,
2010a). We found that the rate of division for micronucleated control and KIF18A-KO
cells increases 2 to 3-fold when p53 is depleted by siRNA treatment (Figure 2-7B,
Table 2-S2). These data indicate that micronuclei limit proliferation in KIF18A-KO
cells, at least in part, through a p53-dependent mechanism.
Kif18A mutant mice display reduced growth rates and increased pre-wean
mortality. Consistent with the reduction in proliferation observed in KIF18A-KO
hTERT-RPE1 cells, we previously found that MEFs derived from Kif18Agcd2/gcd2 mice
grow slower than those from wild type or Kif18Agcd2/+ mice, despite progressing
through mitosis with normal timing (Czechanski et al., 2015). Furthermore, the
percentage of homozygous mutant mice found in F2 litters (18%) was slightly below
the expected Mendelian ratio, indicating lethality prior to genotyping at wean
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(Czechanski et al., 2015). To determine if Kif18Agcd2/gcd2 mice display growth defects,
body weight was measured over a time course of 24 days post-partum (dpp). The body
weights and growth rate of Kif18Agcd2/gcd2 mice were significantly reduced compared to
either wild type or Kif18Agcd2/+ littermates (Figure 2-7C). Kif18Agcd2/gcd2 mice also
exhibited increased mortality during this time period, as predicted by our previous
observations (Figure 2-7D). These phenotypes suggest that proper chromosome
alignment is required for normal growth and viability during post-natal development.

2.4 Discussion
Chromosome compaction during anaphase is required to limit the frequency of
lagging chromosomes and to promote formation of a single nucleus around all
chromosomes at the end of cell division (Mora-Bermúdez et al., 2007; Ohsugi et al.,
2008). This involves both the clustering of chromosomes together (interchromosomal
compaction) and axial shortening of individual chromosome arms (intrachromosomal
compaction). While mechanisms contributing to intrachromosomal compaction have
been reported (Mora-Bermúdez et al., 2007; Ohsugi et al., 2008), the molecular control
of interchromosomal compaction is less understood. Our studies indicate that KIF18A
is required for normal anaphase chromosome clustering and nuclear envelope
reassembly at mitotic exit. While we cannot completely rule-out that a small, stable
population of KIF18A functions to directly promote mitotic exit, the majority of
KIF18A protein is rapidly degraded at anaphase onset (Sedgwick et al., 2013). These
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data are consistent with loss of KIF18A’s metaphase chromosome alignment function
leading to the observed late mitotic and interphase defects. We propose a model in
which a primary function of chromosome alignment is to equalize the distances that
chromosomes travel during anaphase segregation. In the absence of this activity,
chromosome are not organized into a compact mass during anaphase, leading to
improper templating of nuclear envelope components during telophase and the
formation of abnormal nuclei at the completion of division (Figure 2-7E).
We observed that the vast majority of chromosome-alignment defective cells
displayed lagging chromosomes and interchromosomal compaction defects, yet a much
smaller fraction of daughter cells formed micronuclei or abnormally shaped primary
nuclei. The presence of mechanisms that spatially coordinate nuclear envelope
formation with chromosome segregation can explain this discrepancy. For example, an
Aurora B kinase gradient at the midzone of anaphase cells inhibits nuclear envelope
assembly until chromosomes have segregated to the poles (Afonso et al., 2014). This
mechanism allows most lagging chromosomes to integrate into the primary nucleus,
reducing the frequency of micronucleus formation. However, lagging chromosomes
can still be excluded from the main nucleus even in the presence of this surveillance,
accounting for the low but consistent percentage of micronucleated cells formed in the
absence of chromosome alignment (Afonso et al., 2014).
Chromosome alignment per se does not appear to be required for proper
kinetochore microtubule attachments in normal mammalian somatic cells. Despite
severe disruption of chromosome alignment, KIF18A-deficient somatic cells from
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mouse and human progress through mitosis with relatively normal timing compared to
the long mitotic delays observed in germ cells and HeLa cells lacking KIF18A
function. These data suggest that chromosome alignment-defective MEFs and hTERTRPE1 cells establish attachments that satisfy the spindle assembly checkpoint with
kinetics similar to or slightly slower than control cells, respectively. Furthermore, the
lagging chromosomes resulting from chromosome alignment defects displayed distinct
behaviors compared to those that result from merotelic attachments, which typically
segregate with reduced velocities and often stall at the midzone during anaphase
(Cimini et al., 2004). These data strongly support the conclusion that chromosome
alignment defects, rather than abnormal attachments, lead to nuclear formation
problems.
Our analyses of chromosome copy number also suggest that metaphase
alignment may not be necessary for the equal segregation of chromosomes. However, it
is surprising that a population of cells where ~10% are micronucleated display no
change in chromosome copy number. We believe this apparent discrepancy can be
explained by sensitivity limitations of standard assays for chromosome copy number. If
it is assumed that there is no bias in selecting which chromosomes form micronuclei,
any particular chromosome would be micronucleated in ~0.4% of KIF18A deficient
cells (10% of cells with MN/ 23 chromosomes). This level of copy number change
would not be detectable in our FISH analyses of primary nuclei. Furthermore, because
micronucleated KIF18A-deficient cells display a low rate of division, any copy number
defects in these cells are unlikely to impact our analyses of mitotic chromosome
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spreads. Thus, we acknowledge that there may be a low level of aneuploidy induced by
loss of KIF18A function and chromosome alignment that was not detected in our
assays. However, our data indicate that chromosomes are equally segregated in the
majority chromosome alignment defective cells, supporting the conclusion that
alignment is largely dispensable for maintaining chromosome copy number.
We found that the cellular defects resulting from loss of chromosome alignment
have long-term consequences that negatively impact cell proliferation, early
mammalian growth, and survival. At least a portion of micronucleated cells resulting
from chromosome alignment defects undergoes a p53-dependent cell cycle arrest. This
response is consistent with those observed in cells containing micronuclei formed as a
result of genomic instability, and, since there is not a significant mitotic delay
associated with loss of KIF18A function in the cell types we were working with, is
suggestive of DNA damage (Sablina et al., 1998; Thompson and Compton, 2010b; Soto
et al., 2017; Santaguida et al., 2017). Cell cycle arrest could account for the reduced
proliferation of Kif18agcd2/gcd2 MEFs and reduced growth of Kif18agcd2/gcd2 mice
(Czechanski et al., 2015). Survival is also reduced in some Kif18agcd2/gcd2 mice,
suggesting that loss of chromosome alignment can compromise viability. The reduced
fitness of Kif18a mutant mice in a highly controlled laboratory environment suggests
that mice harboring defects in chromosome alignment may be sensitized to additional
genetic or environmental factors that are detrimental to the mitotic / meiotic spindle, or
to genome integrity. In fact, the intermediate phenotypes we observed in mice and in
cell lines heterozygous for Kif18a mutations show that even subtle defects in
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chromosome alignment contribute to semidominant phenotypes. Therefore, it will be
important to determine if Kif18a mutant mice are predisposed to aneuploidy and to
explore long term consequences of this in the context of stem cell exhaustion,
tumorigenesis, and overall population fitness. Interestingly, Kif18a mutant mice are
resistant to induced colorectal cancer, suggesting that, like aneuploidy, micronuclei
may have complex effects on oncogenesis (Silk et al., 2013; Weaver et al., 2007;
Sheltzer et al., 2017).
In summary, our data suggest that the organization of chromosomes at the
spindle equator during metaphase primarily functions to cluster chromosomes for
segregation and ensure the proper formation of a single nucleus in each daughter cell.
In the absence of this function, nuclear organization defects, such as micronuclei and
abnormal nuclear shape, could lead to reduced post-natal mammalian growth and
survival.

2.5 Materials and methods
Animal ethics statement. All procedures involving mice were approved by The Jackson
Laboratory’s Institutional Animal Care and Use Committee and performed in
accordance with the National Institutes of Health guidelines for the care and use of
animals

in

research.
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(RRID:IMSR_JAX:000664) was used to establish a breeding colony, which was
maintained by sibling intercrossing.
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Cell Culture and Transfections. hTERT-RPE-1 cells (ATCC, Manassas, Virginia)
were maintained at 37°C with 5% CO2 in MEM-α (Life Technologies, Carlsbad, CA)
containing 10% fetal bovine serum (FBS; Life Technologies) and antibiotics. For time
course experiments, cells were plated in a 6-well dish and transfected with 150pmol of
siRNAs using RNAiMAX (Life Technologies) following the manufactures instructions.
Fresh siRNAs were added every 48hr. Cells were then seeded on 25 mm coverslips
(Electron Microscopy Sciences, Hatfield, PA) for imaging. For other fixed cell assays,
cells were seeded on 12mm acid-washed coverslips and transfected with 30 pmol
siRNA complexed with RNAiMAX. For live cell imaging, cells were seeded in 35 mm
poly-L-lysine coated glass bottom dishes (MatTek, Ashland, MA) 24 hr before addition
of siRNA. Plasmid transfections were carried out using a Nucleofector 4D
system (Lonza, Walkersville, MD).

Mouse embryonic fibroblast derivation and culture. For derivation of mouse
embryonic fibroblasts, F3 embryos were harvested and euthanized at 12.5-14.5 days
post coitum (dpc, copulation plug = 0.5 dpc). Tissue samples were collected for
genotyping and each embryo was processed individually as previously described to
avoid cross contamination between genotypes (Czechanski et al., 2015; 2014).
Individual, eviscerated, decapitated embryos were washed in cold PBS, transferred to
clean 100 mm dishes, macerated with forceps in 3-5 ml of 0.05% Trypsin/EDTA
(ThermoFisher, cat# 25300120), and then dissociated through 18G needles. Tissue
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suspensions were transferred to 15 ml conical tubes and an equal volume of prewarmed 37C, MEF medium (DMEM [ThermoFisher, cat#11960044], 10% fetal bovine
serum [Lonza, cat#14-501F, lot#0000217266], 100 U/ml penicillin / streptomycin
[ThermoFisher, penicillin-streptomycin 1000U/ml, cat#15140122], 1X Glutamax
[ThermoFisher, cat# 35050061], 0.2

M filtered) was added. Large fragments were

allowed to settle and cell suspensions were transferred to clean 15 ml conical tubes and
centrifuged for 5 min. at 200 x g at room temperature. Cell pellets were resuspended in
5 ml of pre-warmed, 37C MEF media and plated onto clean 60mm tissue culture dishes
(P0). Cultures were incubated at 37C, 5% CO2 for 2-4 days until 80% confluent.
Cultures were then harvested in 0.05% trypsin/EDTA, aliquots were removed for
genotype confirmation, and cultures were resuspended in freeze medium (10%
dimethyl sulfoxide [DMSO]/10% FBS/80%MEF) at 0.5-1 x 10^6 cells / ml, dispensed
into 1 ml aliquots in cryovials and then gradually frozen (-1oC/min) at -80C overnight
in CoolCell freezing containers. Frozen vials were then immersed in liquid nitrogen for
storage. Tissue and cell samples were genotyped by The Jackson Laboratory
Transgenic Genotyping Service using an endpoint assay designed to detect the R308K
missense “gcd2” mutation at Chr2: 109,908,059 G/T, GRCm38, mm10. Primer and
oligo sequences are listed in the Key Resources Table.

CRISPR targeting of KIF18A. An sgRNA guide sequence was designed against the
15th

exon

in

the

C-terminus

of

Kif18A

with

the

sequence

5’-

CTAATGCCATCTCCCTTGAA (AGG) -3’. The PAM sequence is in parentheses.
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Primers were designed with this sequence and cloned into pCR-Blunt with gBLOCK
through site-directed mutagenesis and confirmed by T7 sequencing.

For transfection of the complex, approximately 2 X 106 RPE1 cells plated into a 60 mm
dish with 3 mL MEM-α media (Thermo Fisher), supplemented with 10% FBS and 1%
Penicillin/Streptomycin (Thermo Fisher) were treated with 1 μg pCR-Blunt sgRNA and
1 μg pX458 Cas9-GFP with 16 μL Lipofectamine LTX (Thermo Fisher), incubated for
20 minutes at room temperature in 250 μL OptiMeM (Thermo Fisher). Similar amounts
of RPE1 cells were also transfected as negative and positive controls for FACS,
respectively: 2 μg pCR-Blunt sgRNA (neg) and 2 μg pMAX GFP (Lonza) each with 16
μL Lipofectamine LTX incubated for 20 minutes at room temperature in 250 μL
OptiMeM. The treated RPE1 cells were incubated at 37°C for 48 hours.

The Cas9 + sgRNA treated cells were then strained and sorted for positive GFP signal
using a BD FACSAria cell sorter equipped with 488 nm Coherent Sapphire laser.
Positive and negative controls were used to place bins for determining the cell
population desired for sorting. 1 μg/mL DAPI was also included in the sample as a
live/dead marker. Cells with high GFP signal and low DAPI signal were selected and
automatically placed 1 cell per well into 96 well plates containing 100 μL MEM-α
media supplemented with 20% FBS. Cell colonies that grew were subsequently tracked
and re-plated into larger well sizes periodically over a period of approximately 3 weeks.
From a 24-well size dish, a colony was divided equally into 2 6-well sized wells. One
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well was used to continue growing the cell population, the other at confluency was
lysed and the genome extracted using a Blood Mini Kit (Qiagen) following the
Appendix B protocol for cultured cells.

Cell genomes were screened by PCR amplification of the exon region of interest using
genomically specific primers designed with the BLAT bioinformatics design tool
(UCSC

Genome

Bioinformatics).

GTAATAAACTGGTCACTGACACCCAAACCC

Forward
-3’;

primer:

Reverse

5’-

primer:

5’-

GGGTAATTTACACTTCGAGCTCTTGATGTCTTC -3’. The guide was designed
with a unique restriction enzyme (BslI, New England Biolabs) cut site overlapping the
Cas9 cleavage site, such that mutations to the genome would negate BslI cutting. PRC
amplified genomes that did not cut were then sequenced using the forward primer
above. The Kif18A deficient CRISPR line used in this study has frames shifts in each
chromosome, resulting in premature truncations at amino acid residues 675 and 673.

Plasmids and siRNAs. H2B-GFP was a gift from Geoff Wahl (Addgene plasmid #
11680). Cells were transfected with pools of siRNAs targeting the Kif18A sequences:
5’-UCUCGAUUCUGGAACAAGCag-3’ and 5’-CCACUUUAUGAAAUCCAGCtg3’;

the

Mad2

sequences

5’-UAUUUUCCUCAUGUCAUCCtt-3’

and

5’-

AGAUGGAUAUAUGCCACGCtt-3’; or scrambled negative control Silencer siRNA
#1 (Life Technologies).
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Generation of anti-KIF18A Motor Domain antibodies. To generate antibodies against
the motor domain of Kif18A, nucleotides 1-1089 of the coding region (GenBank
Accession No. BC048347) were PCR amplified, and inserted into the BamHI/EcoRI
sites of pGEX6P-1 (GE Healthcare). GST-Kif18A-NT was expressed in and purified
from BL-21(DE3) cells using glutathione agarose (Sigma-Aldrich), and used to
immunize rabbits (Cocalico). Kif18A-specific antibodies were affinity purified by
passing anti-GST-depleted serum over Affi-Gel 10 (Bio-Rad, Hercules, CA) covalently
coupled to GST-Kif18A-NT. Affinity-purified antibodies were dialyzed into
phosphate-buffered saline (PBS), frozen in liquid nitrogen, and stored at −80°C.

Cell Fixation and Immunofluorescence. hTERT-RPE1 cells were fixed in -20ºC
methanol (Fisher Scientific, Hampton, NH), 1% paraformaldehyde (Electron
Microscopy Sciences) in -20°C Methanol, 4% Paraformaldehyde in 1X TBS [TBS; 2.6
mM Potassium Chloride, 24.7 mM Tris Base, and 136.8 mM NaCl at pH 7.4], or 0.5%
Glutaraldehyde (Electron Microscopy Sciences) in Microtubule Stabilization Buffer
[MTBS; 1X BRB80, 4mM EGTA, 0.5% Triton-X]. Cells were then washed in 1X TBS
and blocked in antibody dilution buffer (Abdil) [Abdil: tris buffered saline pH7.4, 1%
bovine serum albumin, 0.1% triton-X, 0.1% sodium azide] containing 20% goat serum.
Cells were incubated with the following primary antibodies for 1 hour at room
temperature in Abdil: mouse anti-α tubulin at 1ug/ml (sigma-aldrich, St. Louis, MO),
mouse anti-γ-tubulin at 1 μg/ml (sigma-aldrich), rat anti-YL at 2 μg/ml (Millipore,
Jaffrey, NH), mouse anti-human Lamin A/C at 1 μg/ml (Millipore), rabbit anti-cleaved
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caspase-3 at 1:100 (Cell Signaling, Danvers, MA), mouse anti-p53BP at 0.8ug/mL
(Santa Cruz Biotechnology, Dallas, TX), or rabbit anti-GFP at 8 μg/ml (Molecular
Probes by Life Technologies, Eugene, OR). Cells were incubated with the following
antibodies overnight at 4°C: human anti-centromere protein (ACA)(Antibodies
Incorporated, David, CA) 2 μg/mL, rabbit anti-Kif18A (C-terminal) at 2 μg/mL (Bethyl
Antibodies, Burlington, ON, Canada), and rabbit anti-Kif18A (N-terminal) at 3ug/ml.
Cells were incubated for 1 hr at room temperature with goat secondary antibodies
against mouse, rabbit, or human IgG conjugated to Alex Fluor 488, 594, or 647
(Molecular Probes by Life Technologies). Coverslips were mounted on glass slides
with Prolong Gold antifade reagent plus 4′,6-diamidino-2-phenylindole (DAPI)
(Molecular Probes by Life Technologies).

Fluorescent In Situ Hybridization and Chromosome Spreads. For fluorescent in situ
hybridization and chromosome spreads experiments, hTERT-RPE1 cells and mouse
embryonic fibroblasts (MEFs) were dissociated and placed directly in hypotonic
solution (0.8% sodium citrate and 0.4% potassium chloride) for 20 minutes, prefixed in
Carnoy’s fixative (3:1 Methanol: Glacial Acetic Acid), pelleted, resuspended in
Carnoy’s fixative, and washed four times with Carnoy’s fixative. For chromosome
spreads, cells were dropped onto a glass slide inside a Thermotron Drying Chamber set
at 25°C and 37% humidity for optimal spreading. Slides were dried and heated to 65°C
for 30 minutes (or overnight for chromosome banding) and either mounted with
Prolong Gold containing DAPI, or trypsin banded and Giemsa stained. For fluorescent
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in situ hybridization, slides were immersed in 2X standard saline citrate (SSC) at room
temperature for 2 minutes, then dehydrated in 70%, 85% and 100% ethanol for 1
minute each at room temperature and air dried. Commercial probes for locus specific
regions 1p36, 1qter, 2 centromere, 3 centromere, 9q34, 22q11.2 (Cytocell) and for
locus specific regions 7q11.2, 7q31, 8q21, 21q22, 14q32, 18q21(Abbott Molecular)
were used. Probes were applied to samples, coverslipped, and rubber cemented. Slides
and probes were co-denatured at 73°C for 2 minutes and hybridized at 37°C overnight
in a hybridization chamber (Thermoscientific). Slides were then washed in 0.4X
SSC/0.3%NP-40 for 2 minutes at 73°C, rinsed in 2X SSC/0.1% NP-40 for 1 minute at
room temperature, counterstained with DAPI (Abbott Molecular) and coverslipped.

Microscopy. Cells were imaged on a Nikon Ti-E inverted microscope (Nikon
Instruments, Melville, NY) controlled by NIS Elements software (Nikon Instruments)
with a Spectra-X light engine (Lumencore, Beaverton, OR), Clara cooled-CCD camera
(Andor, South Windsor, CT), environmental chamber, and the following Nikon
objectives: Plan Apo 20X DIC M N2 0.75NA, Plan Apo 40X DIC M N2 0.95NA, Plan
Apo λ 60X 1.42NA, and APO 100X 1.49 NA.

Live Cell Imaging. Cells were transferred into CO2-independent media with 10% FBS
and 1% penicillin and streptomycin (Gibco by Life Technologies) for imaging via
fluorescence or differential interference contrast (DIC) microscopy. For DIC imaging
and long term imaging of EGFP-H2B expressing cells, single focal plane images were
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acquired at 2-minute intervals with a 20X or 40X objective. For high temporal
resolution imaging of chromosomes, optical sections were collected with 1.2 um
spacing through the entire EGFP-H2B mass every 10s using a 60X objective. For
imaging kinetochore movements in RPE-1 cells stably expressing EGFP-CenpA/EGFP-Centrin-1 (graciously gifted by Alexey Khodjakov) optical sections were
collected at 1 um spacing every 5 seconds using a 60X objective (Magidson et al.,
2011).

Live Kinetochore Tracking. Maximum intensity projections of 3.6-6microns were
made from optical sections of siRNA treated RPE-1 cells stably expressing EGFPCenp-A/EGFP-Centrin-1. Images were analyzed using MtrackJ in ImageJ. Centrin-1
was tracked throughout the movie from the end of metaphase through the end of
anaphase B. Each kinetochores Cenp-A fluorescence position was tracked during pole
ward movement. Kinetochore positions were normalized relative to the Centrin-1 track.
Each kinetochore track was opened in Igor and individual kinetochore velocities were
measure using the slope of the line from the beginning to end of anaphase. Speed is the
velocity with pauses and reversals excluded. Pauses are a stop in pole ward kinetochore
movement that occurred for 30 seconds or longer. Reversals are away from pole ward
movement that occurred for 30 seconds or longer.

Micronucleus Counts. For fixed cells, micronucleus counts were made using single
focal plane images of DAPI stained cells. Image acquisition was started at a random
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site at the top edge of the coverslip and images were acquired every two fields of view
with 40X objective. For live cell studies, the percentage of micronucleated cells was
determined for each population by counting the number of cells with a pre-existing
micronucleus in the first frame of each time-lapse data set. Micronuclei were defined as
EGFP-H2B foci spatially separated from the primary nucleus, and migrating similarly
alongside the primary nucleus of the cell. NIS Elements software (Nikon) was used to
review the images and track micronucleus dynamics, as well as nuclear lobing. The
percentage of cells dividing with a pre-existing micronucleus was calculated as the
percentage of divisions wherein a cell with pre-existing micronucleus entered division,
multiplied by the percentage of pre-existing micronuclei in that population (as
estimated from the percentage of micronucleus-containing cells at the first frame of
each field).

Peripheral Blood Micronucleus Assay. Micronucleus assays of peripheral blood were
conducted as previously described (Dertinger et al., 1996; Reinholdt et al., 2004).
Peripheral blood was collected from the retro-orbital sinus of male and female
laboratory mice, Mus musculus aged 12-18 weeks, N=5 for each Kif18a genotype, and
N=4

for

ATM.

Strains

used

were

CAST.129S1(B6)-Kif18agcd2/Jcs

(RRID:MMRRC_034325-JAX) x C57BL/6J (RRID:IMSR_JAX:000664) F2 and F3
homozygous mutant and littermate wild type controls, as well as 129S6/SvEvTacAtmtm1Awb/J (RRID:IMSR_JAX:002753) (Barlow et al., 1996), and In addition to 75 µl
of blood was immediately mixed with 100 µl of heparin and the mixture was then
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pipetted into 2 mls of ice-cold (-80C) 100% methanol with vigorous agitation to
prevent clumping. Samples were stored at -80 C overnight before processing for flow
cytometry. Sample preparation and flow cytometry: Each blood sample was removed
from -80C storage and washed with 12 ml of autoclaved, ice-cold bicarbonate buffer
(0.9% NaCl, 5.3 mM sodium bicarbonate, pH7.5), centrifuged at 500g for 5 min. and
resuspended in a minimum of carryover buffer (~100 µl). 20 µl of each sample was
added to a 5 ml polystyrene round- bottomed tube, and to each sample an 80 µl solution
of CD71-FITC and RNAseA (1 mg/ml) was added. Additional control samples were
CD71-FITC alone and an additional sample with bicarbonate buffer alone to which
propidium iodide (PI) would be later added (see below). Cells were incubated at 4C for
45 minutes, washed with 2 ml cold bicarbonate buffer, and centrifuged as above. Cell
pellets were stored on ice and then, immediately prior to flow cytometric analysis,
resuspended in 1 ml of ice cold PI solution (1.25 mg/ml) to stain DNA. Flow
cytometry: Samples were processed on a BD Bioscience LSRII fluorescence-activated
cell sorter gated for FITC and PI, and set to collect 20,000 CD71 positive events at
5,000 events / sec. The CD71-FITC and PI control samples were used to calibrate for
autofluorescence. Reticulocytes (Retic, CD71+, PI- [in the presence of RNAse A]),
mature red blood cells (RBC, CD71 -, PI -), micronucleated normochromatic
erythrocytes (NCE-MN, CD71-, PI+) and micronucleated reticulocytes (Ret-MN,
CD71+, PI+) were measured using FlowJo software. The total % of spontaneous
micronuclei in NCE was NCE-MN/(NCE-MN + RBC)*100. Genotyping for Kif18agcd2
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was as described above. Genotyping for Atmtm1Awb mice was performed by The Jackson
Laboratory Transgenic Genotyping service using standard PCR.

Anaphase Compaction Measurements. To measure anaphase compaction, optical
sections were collected with 200 nm spacing through the entire spindle of fixed cells
labeled with γ-tubulin and ACA antibodies. The centroid of the γ-tubulin focus in each
half spindle was used as a reference point, and 3D distance measurements to each
ACA-labeled kinetochore were made using ImageJ (NIH). The standard deviation of
these distances was computed for each half spindle and used for comparison.

Nuclear shape Analyses. For fixed cell analyses, single focal plane images DAPIstained nuclei were acquired with a 20X objective. The shape of each nucleus was
measured using the solidity measurement function in ImageJ (NIH). Nuclei were first
thresholded and selected with the magic wand tool prior to shape measurements. For
live cells expressing H2B-GFP, mother cell and daughter cell nuclear solidity were
quantified from single focal plane images at the indicated time points relative to
anaphase onset. Mother cell nuclear solidity measurements were made one hour prior to
metaphase. Daughter cell nuclear solidity was measured twenty minutes after the
second frame of chromosome de-condensation in telophase.

Telophase Lamin Distribution Measurements. Single focal plane images of wild type
and mutant Kif18A-/- RPE1 cells labeled with Lamin A/C were acquired through the
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central plane of the nucleus and opened in ImageJ. A line was drawn across the Lamin
A/C signal along the long axis of the nucleus and the intensity of each pixel was
imported into an Igor Pro (Wavemetrics, Portland, OR) macro. For each line the pixel
intensity was normalized to max value from that scan. The normalized pixel intensity
was then subtracted from average fluorescence for that line scan and the standard
deviation of these values produced the deviation of the average intensity (DAI).

Quantification of Chromosome Alignment. Chromosome alignment was quantified by
calculating the full width at half maximum of ACA or DAPI fluorescence distribution
along the pole-to-pole axis in ImageJ as described previously (Kim, 2014).

Cleaved Caspase-3. Cleaved caspase-3 immunofluorescence was quantified using
ImageJ (NIH). Cells expressing greater than two times the average fluorescence
intensity measured in control cells were considered positive for cleaved caspase-3.

Viability and growth, Kif18agcd2 mice. A cohort of 91 B6;CAST-Kif18agcd2 F3 mice
representing all three Kif18agcd2 genotypes were monitored for growth. Animals were
weighed every three days through wean and then monitored twice weekly through 8
weeks of age. Survival data were plotted using Prism 7 and survival curves were
compared using Log-rank (Mantel-Cox) and Gehan-Breslow-Wilcoxon tests. Growth
data were also plotted using Prism 7 and multiple t-tests at each time point were used to
compare the mean weights across genotypes (Holm-Sidak, alpha=0.05)
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2.8 Figures

Figure 2-1. Human Retinal Pigment Epithelial cells lacking KIF18A function progress through
mitosis with unaligned chromosomes.

(A) Representative images of centrosomes and kinetochores in fixed hTERT-RPE1
cells treated with the indicated siRNAs. (B) Plot of kinetochore (KT) distribution at the
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indicated times following siRNA treatment measured using the full-width at half
maximum of kinetochore fluorescence along the pole-to-pole axis. (C) Images of
KIF18A knockout (“KO”) cells transiently expressing EGFP or EGFP-KIF18A. Cells
were fixed and stained for α-tubulin and DNA. (D) Plot of metaphase plate width in
control and KIF18A KO cells expressing GFP or GFP-KIF18A. Plate width was
determined by measuring the full width at half maximum of DAPI fluorescence along
the pole-to-pole axis. (E) Stills from time-lapse DIC imaging of hTERT-RPE1 cells
from the indicated treatment groups. (F) Cumulative frequency plot of time from
nuclear envelope breakdown (NEB) to anaphase onset. n= 27 (control), n= 40 (KIF18A
KD), and n = 52 (KIF18A KO). Data sets were compared using a Kruskal-Wallis oneway ANOVA with Dunn’s multiple comparisons test, asterisks (*) indicate p<0.01,
error bars represent SEM.
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Figure 2-2. Loss of KIF18A function does not alter chromosome copy number.

(A) Image of an hTERT-RPE1 cell with chromosomes 9 (red) and 22 (green) labeled
by fluorescent in situ hybridization (FISH). (B) Plot of the percentage of cells
aneuploid for the indicated chromosomes following treatment with control siRNA,
KIF18A siRNA, or MAD2 siRNA. N = 1500 cells for each condition, asterisks (*)
indicate p<0.05 based on Chi-Squared analyses. The effect of MAD2 KD on
chromosomes 2, 3, 7, or 9 was not determined.

(C) Image of Geimsa stained

metaphase spread of an early passage (p0), mouse embryonic fibroblast (MEF). (D)
Quantification of metaphase chromosome numbers from (top) wild type and
Kif18agcd2/gcd2, early passage (p0), pair-matched, MEFs; (middle) hTERT-RPE1 cells
treated with control or KIF18A siRNAs; and (bottom) control and KIF18A KO RPE1
cells. Indicated p-values were calculated by Chi-Squared analyses.
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Figure 2-3. KIF18A-deficient cells form micronuclei and abnormal nuclear shapes.

(A) Representative image of a micronucleated hTERT-RPE1 cell labeled with DAPI
and anti-centromere antibodies (ACA) to visualize DNA and centromeres, respectively.
(B-D) Plots of the percentage of cells with micronuclei (MN) in (B) cells treated with
the indicated siRNAs for 48h, 96h, or 144h; (C) control and KIF18A KO hTERT-RPE1
cells; and (D) mouse embryonic fibroblasts (MEF) from Kif18agcd2/gcd2 mice. n > 600
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cells for each condition, data were compared via Chi-Squared analyses. (E)
Quantification of the percentage of micronuclei containing centromeric DNA (ACApositive) in control (black) and KIF18A siRNA (red) treated cells. (F) Quantification of
micronuclei in mouse peripheral blood reticulocytes from Kif18a+/+, Kif18agcd2/gcd2,
Kif18a+/gcd2,

and

Atmtm1Awb/tm1Awb.

Data

points

represent

the

percentage

of

micronucleated cells from individual mice. Data were compared using a one-way
ANOVA and Tukey’s multiple comparisons test. (G) Representative images of nuclear
shapes and corresponding solidity values (s) observed in KIF18A KO hTERT-RPE1
cells. (H) Box and whisker plot of nuclear solidity values measured in control (n = 553)
and KIF18A KO (n= 634) cells. Data distributions were compared using a
Kolmogorov-Smirnov t-test. (I) Plot of percentage of nuclei with solidity values two
standard deviations below the average in control cells. Data were compared using a
Chi-square test. In all panels, asterisks (*) indicate p<0.01.
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Figure 2-4. Micronuclei and abnormal nuclear shapes form as KIF18A-deficient cells exit mitosis.

(A) Representative stills from time-lapse images of control and KIF18A KO hTERTRPE1 cells expressing histone H2B-GFP. Note that micronuclei (middle panels) and
lobed primary nuclei (bottom panels) form as KIF18A KO cells exit mitosis. (B) Plot of
the percentage of daughter cells that form micronuclei during mitotic exit. Data were
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compared via Chi-square test, asterisks (**) indicate p<0.01 (C) Quantification of
mother cell nuclear solidity measured 60 minutes prior to metaphase. Error bars
indicate mean and standard deviation. Data were compared via Kolmogorov-Smirnov ttest, p>0.90. (D) Percentage of mother cell nuclear solidity values less than two
standard deviations from the average control solidity. Data were compared via Chisquare test, p>0.90. (E) Quantification of daughter cell nuclear solidity 20 minutes after
initial chromatin decondensation. Data were compared via Kolmogorov-Smirnov t-test,
asterisks (*) indicate p<0.05. (F) Percentage of daughter cell nuclear solidity values
two standard deviations below the average control solidity. Data were compared using
Chi-square tests, asterisks (**) indicate p<0.01.
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Figure 2-5. Loss of KIF18A function and chromosome alignment disrupts interchromosomal
compaction during anaphase and lamin A/C distribution during telophase.

(A) Representative images of anaphase cells fixed and stained for α-tubulin (red) and
centromeres (ACA, green). (B-C) Histograms of centromere to pole distance variance
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(calculated as standard deviation) among all centromeres within a half spindle of (B)
control and KIF18A siRNA treated hTERT-RPE1 cells or (C) control and KIF18A KO
hTERT-RPE1 cells. Data were compared using a Kolmogorov-Smirnov t-test, p<0.01.
(D) Representative images of control and KIF18A KO telophase cells labeled with
Lamin A/C antibodies. (E) Plots of Lamin A/C fluorescence profiles along the long
axis of telophase nuclei from control and KIF18A KO hTERT-RPE1 cells. (F)
Histograms of Lamin A/C fluorescence variance in telophase nuclei calculated as the
deviation from the average intensity (DAI) in control and KIF18A KO cells.
Distributions of DAI were compared using a Kolmogorov-Smirnov t-test, p<0.01.
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Figure 2-6. In the absence of chromosome alignment, micronuclei form around lagging chromosomes
that travel long distances during anaphase.

(A) Stills from time-lapse imaging of KIF18A-depleted cells expressing histone H2BGFP. Arrows indicate lagging chromosomes that are excluded from the primary DNA
mass and form micronuclei. (B) Representative images of live cells stably expressing
71

GFP-CENP-A and GFP-CENTRIN-1 treated with control, KIF18A, or MAD2 siRNAs.
Arrowheads indicate lagging chromosomes, (C-G) Survival plots of (C) poleward
anaphase velocity (um/min), (D) poleward anaphase speed, (E) starting distance from
the pole, (F) distance traveled, and (G) total anaphase time for kinetochores in each
experimental condition indicated. Dashed lines indicate the behavior of lagging
chromosomes in KIF18A and MAD2 siRNA treated cells. Data were compared using a
Kruskal-Wallis test with post-hoc Dunn’s multiple comparison tests. The starting
distance from the pole and distance traveled for lagging chromosomes in KIF18A
siRNA cells were significantly different than those in control siRNA cells or total
kinetochores in KIF18A KD cells (p < 0.01). The anaphase velocity, speed, and
distance traveled for lagging chromosomes in MAD2 KD cells are significantly
different than those of kinetochores in control siRNA cells (p < 0.01).
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Figure 2-7. A p53-dependent mechanism limits the division of micronucleated KIF18A KO cells.

(A) Still frames from time-lapse analyses of dividing histone 2B-GFP (H2B-GFP)
expressing KIF18A KO cells and KIF18A KO cells treated with p53 siRNAs. (B) Plot
of the percent of micronucleated cells that enter mitosis in control, p53 KD, KIF18A
KO, or KIF18A KO + p53 KD hTERT-RPE1 cells. (C) Plot of body weights measured
at the indicated days postpartum (Dpp) for each genotype listed. (D) Survival plot for
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mice of the indicated genotypes as a function of Dpp. (E) Model for abnormal nuclear
formation in the absence of chromosome alignment (see Discussion text for details).
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Figure 2-S1, related to Figure 2-1. KIF18A protein is undetectable in KIF18A KO hTERT-RPE1
cells.
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Analyses of KIF18A protein in KIF18A KD and KO hTERT-RPE1. (A and B)
Representative images of metaphase hTERT-RPE1 cells from the indicated conditions
labeled for spindle poles (γ-tubulin), kinetochores (ACA), and KIF18A, using
antibodies against either the KIF18A C terminus (A) or N terminus (B). Some
nonspecific spindle and spindle pole staining from KIF18A N-terminal antibodies is
observed in KIF18A KO cells. (C–E) Quantification of KIF18A immunofluorescence
from KIF18A KD cells (C) and KIF18A KO cells (D and E). Note that treating
KIF18A KO cells with KIF18A siRNAs (KO + KD) does not reduce KIF18A
immunofluorescence levels. All data were derived from at least three independent
experiments; error bars indicate SD.
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Figure 2-S2, related to Figure 2-1. KIF18A depleted hTERT-RPE1 cells show a decrease in MAD1positive kinetochores when arrested in MG132.

Analyses of MAD1 at kinetochores in KIF18A KD hTERT-RPE1 cells. (A)
Representative images of fixed control and KIF18A siRNA-treated cells labeled with
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anti-MAD1 antibodies in the absence or presence of MG132. Scale bar is 5 µm. (B)
Quantification of the percentage of cells containing MAD1-positive kinetochores. (C)
The number of MAD1-positive kinetochores per cell. Error bars indicate SD. Control
no MG132, n = 24 cells; KIF18A KD no MG132, n = 24 cells; control with MG132, n
= 33 cells; KIF18A KD with MG132, n = 27 cells. Data in B were compared via χ2
test. Data in C were compared by one-way Anova using Tukey’s multiple comparison
test. *, p < 0.01. Data were collected from three independent experiments.
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Figure 2-S3, related to Figure 2-2. Loss of KIF18A function does not lead to increased apoptosis.

Cleaved caspase-3 assays in KIF18A KD hTERT-RPE1 cells. (A) Representative
images of KIF18A KD cells stained for the apoptotic marker cleaved caspase-3. (B and
C) Plots indicating the percentage of cleaved caspase-3–positive cells in control and
KIF18A KD cells 48 h (B) and 144 h (C) following siRNA treatment. Data from three
independent experiments were compared via χ2 test. *, p < 0.05.

79

Figure 2-S4, related to Figure 2-4. Interphase nuclear defects occur as KIF18A KO cells exit mitosis.

Live imaging assays of H2B-GFP expressing KIF18A KO hTERT-RPE1 cells. (A)
Representative stills from time-lapse imaging of KIF18A KO cells transfected with
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histone-2B-GFP (H2B-GFP). Abnormal nuclear shapes and MN are apparent within 1 h
of anaphase (time = 0). (B) Plot of nuclear solidity measurements from selected control
and KIF18A KO hTERT-RPE1 cells. All measurements were made from the first frame
taken during the three independent time-lapse imaging experiments analyzed for Figure
2-4. Cells were categorized as “divides” if they entered mitosis during the live cell
imaging time period. Cells categorized as “no division” remained in the field of view
for at least 10 h but did not divide. Data from three independent experiments were
compared using a Kruskal–Wallis test with post hoc Dunn’s multiple comparison tests.
*, P < 0.001. Error bars indicate SD. WT RPE1, no division n = 74; WT RPE1, divides
n = 32; KIF18A KO, no division n = 279; KIF8A KO, divides n = 68.
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Table 2-S1. Summary of data from FISH experiments.
Control %
Aneuploid

KIF18A KD %
Aneuploid

1.90(28/1472)
2.18(32/1468)

1.97(29/1471)
2.46(36/1464)

0.89
0.62

3.59(52/1448)

3.38(49/1451)

0.76

2.46(36/1464)

2.95(43/1457)

0.42

7q31
7q11.2

2.95(43/1457)
2.53(37/1463)

4.02(58/1442)
3.02(44/1456)

0.13
0.43

8q21.3
21q22.1

3.23(47/1453)
3.45(50/1450)

2.25(33/1467)
3.45(50/1450)

0.11
1

22q11.2
9q34

2.81(41/1459)
3.66(53/1447)

2.67(39/1461)
3.23(47/1453)

0.82
0.54

14q32
18q21

1.35(20/1480)
1.69(25/1475)

2.11(31/1469)
1.83(27/1473)

0.12
0.78

Control %
Aneuploid

Chi-square pvalue

FISH probe
1qter
1p36
Centromere
3
Centromere
2

Chi-square pvalue

1qter
1p36

1.69(25/1475)
1.83(27/1473)

MAD2KD %
Aneuploid
6.61(93/1407)
6.69(94/1406)

8q21.3
21q22.1

2.04(20/1470)
1.91(20/1462)

3.95(57/1443)
4.24(61/1439)

0.0033
0.0004

14q32
18q21

1.63(24/1476)
2.88(42/1458)

3.02(44/1456)
5.04(72/1428)

0.0142
0.0042
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<0.0001
<0.0001

Table 2-S2. Summary of cell division measurements from live-cell RPE1 experiments.

% Total
divisions
with
MN

%
Daughters
that form
a MN

% Cells
with MN
at movie
start

338

0.9
(3/338)

1.2
(8/676)

2.4
(105/4386)

37.5

0.0
(0/338)

0.0
(0/338)

314

3.2
(10/314)

10.4
(65/628)

3.4
(52/1512)

94.1

3.2
(10/314)

1.9
(6/314)

198

2.5
(5/198)

9.8
(39/396)

7.6
(286/3760)

32.9

2.0
(4/198)

1.0
(2/198)

347

4.0
(14/347)

20.9
(145/694)

6.4
(172/2674)

62.5

7.2
(25/347)

2.3
(8/347)

Divisions
Condition
analyzed
Control
RPE1 +
Control
KD
Control
RPE1 +
p53 KD
KIF18A
KO +
Control
KD
Kif18A
KO +
p53 KD

%
Divisions
producing
>1 MN

%
Divisions
where
both
daughters
form a
MN

%
Micronucleated
cells that
undergo
division1
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3.1 Abstract
Micronuclei, whole or fragmented chromosomes spatially separated from the
main nucleus, are associated with genomic instability and have been identified as
drivers of tumorigenesis. Paradoxically, Kif18a mutant mice produce micronuclei due
to asynchronous segregation of unaligned chromosomes in vivo but do not develop
spontaneous tumors. We report here that micronuclei in Kif18a mutant mice form
stable nuclear envelopes. Challenging Kif18a mutant mice via deletion of the Trp53
gene led to formation of thymic lymphoma with elevated levels of micronuclei.
However, loss of Kif18a had modest or no effect on survival of Trp53 homozygotes
and heterozygotes, respectively. Micronuclei in cultured KIF18A KO cells form stable
nuclear envelopes characterized by increased recruitment of nuclear envelope
components and successful expansion of decondensing chromatin compared to those
induced by nocodazole washout or radiation. Lagging chromosomes were also
positioned closer to the main chromatin masses in KIF18A KO cells. These data
suggest that not all micronuclei actively promote tumorigenesis.

3.2 Introduction
Micronuclei contain chromosomes which are excluded from the main nucleus
and are used clinically as a biomarker to evaluate genomic instability (Fenech and
Morley, 1985; Tolbert et al., 1992; Dertinger et al., 1996; Fenech, 2000; Bonassi et al.,
2007; Imle et al., 2009; Fenech et al., 2011; Luzhna et al., 2013). Micronuclei are widely
associated with chromosomally unstable tumors and poor patient prognosis (Bonassi et
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al., 2007; Imle et al., 2009; Fenech et al., 2011; Luzhna et al., 2013). Growing evidence
demonstrates that micronuclei are not only passive markers, but also active drivers of
genomic instability – though the specific conditions required for this transformation are
not fully elucidated (Stephens et al, 2011; Rausch et al., 2012; Holland and Cleveland,
2012; Crasta et al., 2012; Nones et al., 2014; Zhang et al., 2015; Luijten et al., 2018).
Micronuclei can arise due to various errors occurring during the cell cycle,
including improper attachments between microtubules and kinetochores, DNA
replication errors, and unrepaired DNA damage (Fenech and Morley, 1985; Cimini et al.,
2001; Hoffelder et al., 2004; Crasta et al., 2012). Chromosomes which become
micronucleated can be whole or fragmented, and DNA content can be centromerecontaining or acentric, with different mechanisms of micronucleus formation leading to
varying levels of damage to the micronucleated DNA (Ding et al., 2003; Hoffelder et al.,
2004; Terradas et al., 2009; Terradas et al., 2010; Huang et al., 2011, Crasta et al., 2012,
Hatch et al., 2013, Zhang et al., 2015, Liu et al., 2018).
There are two widely accepted, non-mutually exclusive mechanisms that explain
how a micronucleated chromosome may lead to genomic instability. First,
micronucleated cells can enter mitosis with incompletely replicated chromosomes, which
results in severe structural defects within the micronucleated chromosome and its
reincorporation into the primary nucleus (Crasta et al., 2012; Holland and Cleveland,
2012; Jones and Jallepalli, 2012; Zhang et al., 2015). This catastrophic process, termed
chromothripsis, is an early event in tumorigenesis, and has been elegantly demonstrated
in experiments pairing long-term imaging with single-cell whole genome sequencing in
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cultured cells (Zhang et al., 2015). Further, loss of micronuclear envelope integrity can
also lead to genomic instability by exposing the chromosome to damage in the cytoplasm
(Hoffelder et al., 2004; Hatch et al., 2013; Zhang et al., 2015, Shah et al., 2017). While
these events may follow one another along a shared pathway, this does not occur in all
cases (Hatch et al., 2013, Zhang et al., 2015; He et al., 2019).
Recently, micronuclei were demonstrated to form as a result of chromosome
alignment defects and asynchronous segregation during mitosis (Fonseca et al., 2019). In
cells lacking the function of the kinesin KIF18A, chromosomes fail to properly align at
the mitotic spindle equator, segregate in a disordered fashion, and display an increased
probability of forming micronuclei (Fonseca et al., 2019). Furthermore, mice with
inactivating mutations in Kif18a form micronuclei in vivo, with micronuclear incidences
significantly elevated from levels of spontaneously occurring micronuclei in wild type
mice. Paradoxically, Kif18a mutant mice do not develop tumors spontaneously and are
resistant to induced colitis-associated colorectal cancer (Zhu et al., 2013). These results
raise questions about the conditions under which micronuclei might induce genomic
instability and tumorigenesis in vivo. Kif18a mutant mice are a useful system for studying
the effects of micronuclei in vivo since the level of aneuploidy observed in these mice is
low, allowing separation of effects due to micronucleation from those caused by
widespread aneuploidy (Czechanski et al., 2015; Fonseca et al., 2019).
It is possible that micronuclei in Kif18a mutant mice minimally impact genomic
stability due to p53-dependent cell cycle arrest or maintenance of micronuclear envelope
stability. Activation of p53 in micronucleated cells has been observed to cause cell-cycle
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arrest in the subsequent G1 (Uetake and Sluder, 2010; Santaguida, et al., 2017,
Thompson and Compton, 2010), and micronucleated KIF18A KO cells are subject to a
p53-dependent cell cycle arrest in culture (Fonseca et al., 2019). It is plausible, then, that
micronuclei produced due to loss of Kif18a do not contribute to tumorigenesis in mice
because a p53-dependent pathway prevents micronucleated cells from dividing further. In
addition, recent studies have demonstrated that not all micronuclei undergo nuclear
envelope rupture (Liu et al., 2018; He et al., 2019). Thus, it is also possible that
micronuclei in Kif18a loss of function cells form stable nuclear envelopes, which could
reduce their negative impact on genomic stability.
To investigate the effects of p53 status and micronuclear envelope stability on
the impact of micronuclei in vivo, we developed a mouse model lacking Kif18a and p53
function. We found that micronuclei in chromosome alignment defective cells formed
robust micronuclear envelopes which rupture less frequently than those surrounding
micronuclei formed due to improper kinetochore-microtubule attachments. These data
indicate that the type of insult which leads to micronucleus formation can determine
micronuclear stability, and we propose that intact micronuclei mitigate the overall risk to
genome integrity in cells with chromosome alignment defects.
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3.3 Results
Loss of Kif18a increases micronuclei in both normal tissues and thymic
lymphomas of p53-null mice. Mice homozygous for the Kif18a mutation gcd2 (germ
cell depletion 2) lack KIF18A activity and form micronuclei due to chromosome
alignment defects in vivo (Czechanski et al., 2015; Fonseca et al., 2019). While
Kif18agcd2/gcd2 mice are infertile due to mitotic defects during embryonic germline
development, they do not develop spontaneous tumors (Czechanski et al., 2015).
Analyses of KIF18A KO RPE1 cells indicated that micronucleated cells rarely
entered mitosis (Fonseca et al., 2019). This arrest was at least partially dependent on
p53, consistent with other reports of cell cycle arrest following micronucleation
(Sablina 1998; Thompson and Compton, 2010; Fonseca et al., 2019). Thus, we
reasoned that a p53-dependent mechanism could limit the impact of micronuclei on
tumor induction or development in Kif18a mutant. To investigate this possibility, we
crossed Kif18agcd2/+ mice with mice heterozygous for a p53 null mutation (Trp53tm1
Tyj/+

) to produce mice heterozygous for both alleles. Kif18agcd2/+ , Trp53tm1

Tyj/+

mice

were crossed again to obtain mice homozygous and heterozygous for both Kif18a and
Trp53 mutations (Fig. 1A).
Micronuclei in Kif18a mutant mice were previously quantified in red blood cells
via flow cytometry (Fonseca et al., 2019). Interestingly, Kif18agcd2/gcd2 mice were found
to have the same elevated level of spontaneous micronuclei in erythrocytes as ATMtm1
Awb/tm1 Awb

mutant mice (Fonseca et al., 2019). Although the relative abundance of

micronuclei are not significantly different between these two mouse models,
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Kif18agcd2/gcd2 mutant mice do not spontaneously form tumors – while the majority of
ATMtm1

Awb/tm1 Awb

mutant mice develop thymic lymphomas between 2 and 4 months

(Barlow, 1996). To confirm that micronuclei are present in other tissues, we analyzed
thymus, spleen, and liver tissues from mice carrying Kif18a mutations in the presence
or absence of Trp53. As expected, Kif18agcd2/gcd2 mice displayed elevated levels of
micronuclei in all tissues compared to littermate controls (Fig. 1B-C and Table S1).
Healthy thymus, spleen, and liver tissues from Kif18agcd2/gcd2 , Trp53 tm1 Tyj/tm1 Tyj mice
exhibited similar percentages of micronucleated cells as Kif18agcd2/gcd2 mice (Fig. 1C).
Additionally, analyses of micronucleated erythrocytes via flow cytometry indicated that
the percentage of micronucleated cells was not affected by p53 in vivo (Fig. 1D).
Mice homozygous or heterozygous for null mutations in Trp53 develop a
spectrum of tumors, with a predominance of thymic lymphoma (Jacks et al., 1994).
Consistent with this, Kif18agcd2/gcd2 , Trp53tm1

Tyj/tm1 Tyj

homozygous mutant mice

developed tumors within 3 months, with the vast majority exhibiting thymic lymphoma
(78%). To investigate whether the prevalence of micronuclei found within tumor
tissues varied among Kif18a mutant and Trp53 mutant animals, we analyzed primary
thymic lymphoma sections with labeled DNA. We observed that tumors from
Kif18agcd2/gcd2 , Trp53tm1 Tyj/tm1 Tyj mice exhibited elevated levels of micronucleated cells
compared to those from Kif18a+/+ , Trp53tm1 Tyj/tm1 Tyj mice (p < 0.001; Fig. 2A-B, Table
S2). To ensure that nuclear blebs from neighboring cells were not erroneously counted
as micronuclei in these experiments, we analyzed tissues in 3D using optical sections
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for all experiments and confirmed micronuclear counts in tissues co-stained with the
plasma membrane protein, ezrin (Fig. S2B, Table S4).
Loss of Kif18a minimally affects the survival of Trp53 mutant mice. If the
elevated levels of micronuclei observed in Kif18agcd2/gcd2, Trp53tm1 Tyj/tm 1 Tyj accelerated
tumorigenesis, we reasoned that this effect would reduce survival. We did find that
mice homozygous for both Kif18a and p53 mutations had a small but significant
reduction in survival compared to p53 null littermates with wild type Kif18a (p = 0.01;
Fig. 2C, left). The reduced survival of the double mutants could be explained by (1) an
increase in tumor development that occurs as a result of the Kif18a mutation, (2) an
interaction between the Kif18a null genotype and the genetic background differences
introduced by the cross, or (3) a slightly reduced ability of Kif18a null mice to cope
with rapid tumorigenesis. To help distinguish between these possibilities, we tested the
effects of Kif18a loss of function on survival of p53 heterozygotes, which exhibit
slower tumor development. Within the p53 heterozygous population, there was no
significant difference in survival between Kif18agcd2/gcd2 and Kif18a+/+ animals (p =
0.43; Fig. 2C, right). Furthermore, micronucleated cell frequency is similarly high in
both p53 homozygotes and heterozygotes lacking Kif18a function, and metaphase
spread samples extracted from thymic lymphoma tissues from both genotypes indicate
tumor cells were aneuploid (Fig. 1B and Table S1, and Fig. S1). Therefore, we were
unable to detect evidence of enhanced genomic instability, genetic background effects,
or accelerated tumorigenesis in p53 deficient tumors lacking Kif18a function.
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Micronuclear envelopes in normal tissues of Kif18agcd2/gcd2, Trp53tm1 Tyj/tm1 Tyj
mice are stable, but those in tumor cells are disrupted. Micronuclear envelope
instability has been reported to contribute significantly to genomic instability (Hatch et
al., 2013; Shah et al., 2017; Zhang et al., 2015; Liu et al., 2018). Previous in vitro
studies indicate that micronuclear envelopes are often incomplete, lacking the
appropriate and expected density, deposition, or diversity of some nuclear envelope
components (Hatch et al., 2013; Liu et al., 2018). Significant gaps in the lamina of
micronuclear envelopes are strongly associated with the eventual outcome of
micronuclear envelope collapse and rupture (Vargas et al., 2012; Denais et al., 2016;
Hatch and Hetzer, 2016; Raab et al., 2016; Robijns et al., 2016; Cho et al., 2019;
Maciejowski and Hatch, 2020).To analyze micronuclear envelopes in Kif18a mutant
mice, sections from liver, spleen, and thymus were stained for the core nuclear
envelope protein lamin A/C and DNA (Fig. 3A). Micronuclei surrounded by
continuous lamin A/C signal were considered to have complete nuclear envelopes,
while those containing gaps in or lacking lamin A/C were considered incomplete. We
found that the majority of micronuclear envelopes successfully recruited complete
halos of lamin A/C (83-97%) within healthy tissues from Kif18a mutant mice (Fig. 3B
and Table S1). In contrast, micronuclei found in tissues from WT mice were rare but
usually exhibited evidence of discontinuous lamin A/C recruitment (100% in thymus,
n=1; 50% in spleen, n=2; 100% in liver, n=1). The incidence of micronuclear envelopes
lacking lamin A/C was uniformly low regardless of Trp53 allele status. Thus,
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micronuclei formed following loss of Kif18a function in vivo appear to have intact
nuclear envelopes.
We also investigated whether micronuclei within primary thymic lymphoma
sections successfully recruited lamin A/C (Fig. 3A). Rates of micronuclei lacking
continuous lamin A/C in tumors were elevated relative to normal thymus tissue,
however, there was no significant difference in the frequency of lamin A/C absence
between mice lacking only p53 and those lacking both Kif18a and p53 (43% vs 46%,
Fig. 3C, Table S3 and Table S5). Taken together, these data suggest that the stability of
micronuclear envelopes in Kif18a mutant cells could limit genomic instability and
spontaneous tumorigenesis in normal tissues of Kif18a mutant mice but that
micronuclear envelope integrity becomes compromised in tumor tissues.
Micronuclei induced through loss of KIF18A exhibit stable nuclear
envelopes in vitro. To further explore micronuclear envelope stability in KIF18A
mutant cells, we established an in vitro system to compare micronuclei induced via
different types of insults in a human retinal pigment epithelial cell line (RPE1)
immortalized by human telomerase expression (hTERT).

hTERT-RPE1 cells are

female, near diploid cells containing a modal chromosome number of 46 with a single
derivative X chromosome and have been used previously for investigating
micronuclear envelope rupture (Zhang, et al., 2015; Hatch et al., 2013; Liu et al., 2018).
We will refer to hTERT-RPE1 cells as “RPE1” throughout, for simplicity.
Micronuclei were induced in RPE1 cells via: (1) nocodazole washout, which
leads to improper attachments between kinetochores and microtubules; (2) knockout
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(KO) of the KIF18A gene; (3) sub-lethal doses of radiation, which lead to doublestranded DNA breaks and fragmented chromosomes; and (4) siRNA knockdown of
MAD2 (mitotic arrest deficient-2), which disables the mitotic spindle assembly
checkpoint and causes micronuclei through a combination of improper kinetochoremicrotubule attachments and chromosome unalignment (Fenech and Morley, 1985;
Cimini et al., 2001; Burds, et al., 2005; Lusiyanti et al., 2016; Fonseca et al., 2019; Fig.
4A). Micronuclei also spontaneously form within wild type populations of RPE1 cells
at low frequencies (1%), and RPE1 cells treated with non-targeting siRNAs were used
as controls (Tolbert et al., 1992).
We analyzed cells following each treatment for the presence of micronuclei via
staining with the DNA dye DAPI. Micronuclei were identified as DAPI-stained
chromatin masses outside the main nucleus, and the percentage of micronucleated cells
observed in each population was quantified. Consistent with previous observations, we
found that 5.3% of KIF18A KO RPE1 cells formed micronuclei (Fig. 4B and Table S6)
(Fonseca et al., 2019). To facilitate comparison, a short treatment of nocodazole (2
hours) before washout was used to yield a similar percentage of micronucleated cells
(5.6%, Fig. 4B and Table S6). We also found that 4% of RPE1 cells treated with
MAD2 siRNAs formed micronuclei and 19% of RPE1 cells subjected to 1 Gy radiation
formed micronuclei 24-hours after exposure (Fig. 4B and Table S6).
Micronuclear envelope recruitment was assessed by analyzing RPE1 cells
labeled with lamin A/C antibodies and DAPI. Micronuclei were scored as incomplete if
lamin A/C label was either absent or discontinuous (Fig. 4C, Fig. S3A-D). Consistent
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with previous reports (Hatch et al., 2013, and Liu et al., 2018), micronuclei produced
via nocodazole washout exhibited high rates of micronuclear envelope defects (58%),
as evidenced by a loss of robust lamin A/C signal co-occurring with micronuclear DNA
(Fig. 4D, Fig. S3A-D, and Table S7). In contrast, micronuclei in KIF18A KO cells
exhibited low rates of micronuclear envelope defects (16%) compared to micronuclei
produced via all other insults (p < 0.001, Fig. 4D, Fig. S3A-B, and Table S7). We
observed a moderate level of micronuclear envelopes lacking lamin A/C in cells
following MAD2 KD (46%), control KD (33%), and irradiation (32%, Fig. 4D, and
Table S7). It should be noted that micronuclei that form spontaneously (control KD)
and those that form following MAD2 KD could result from a mix of initial cellular
insults, including improper kinetochore-microtubule attachments and alignment
defects, which could explain the intermediate level of defects observed. The
frequencies of micronuclear envelope defects in each population were not significantly
affected by p53 KD, consistent with our in vivo results (Fig. 4D).
To determine if gaps in lamin A/C are predictive of micronuclear envelope
rupture in this system, we evaluated the ability of micronuclei to retain an mCherrytagged nuclear localization sequence (mCherry-NLS) in both live and fixed cells (Fig.
S3A-D). Specifically, we measured the frequency that individual micronuclei displayed
both absent or discontinuous lamin A/C staining and loss of mCherry-NLS signal from
the contained micronuclear area. Our results indicated that lamin A/C signal alone is
predictive of the integrity of the micronuclear envelope for 96% of cells (134/140
micronuclei), suggesting that lamin A/C immunofluorescence is a reliable method to
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determine rupture status of micronuclear envelopes in fixed cells. To determine the
timing of micronuclear envelope rupture in our system, we imaged dividing RPE1 cells
expressing both NLS-EGFP and mCherry-H2B. Following nocodazole treatment and
washout, we observed that micronuclei ruptured in 53% of cells (18/34) at 2.2 hours
after formation, on average (Fig. S3C-D). While micronuclei ruptured in only 14%
(5/36) of KIF18A KO cells, the average time to rupture was comparable to that seen in
nocodazole treated cells (3.2 hours after formation, Fig. S3E-F, p-value=0.33). The
proportion of intact micronuclei (still in frame for at least 3 hr post-formation) to
ruptured micronuclei are reported in Fig. S3E. We noted that a small fraction of
micronuclei (6%, or 5/80 micronuclei imaged) showed a delayed import of NLS-EGFP
signal, and these were excluded from time to rupture measurements. Based on these
data, we conclude that the majority of micronuclei experiencing nuclear envelope
protein recruitment defects in our system have undergone micronuclear envelope
rupture.
KIF18A is not required for micronuclear envelope rupture. The relatively
low frequency of micronuclear envelope rupture observed in KIF18A KO cells could
be explained by increased micronuclear envelope stability or a requirement for KIF18A
in the micronuclear envelope rupture process. To distinguish between these
possibilities, KIF18A KO and control RPE1 cells were subjected to nocodazole
washout and micronuclear envelope integrity was assessed. A large fraction of
micronuclei present in each cell population at this time point are expected to have
formed due to improper kinetochore-microtubule attachments. We found that
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micronuclei in KIF18A KO cells treated with nocodazole washout displayed similar
rates of incomplete lamin A/C as those produced via drug treatment in RPE1 control
cells (not significant, p = 0.20, Fig. 4E and Table S8). These data indicate that KIF18A
is not required for the micronuclear rupture process, and therefore, micronuclear
envelopes in KIF18A KO cells are more stable than those formed due to induced
kinetochore-microtubule attachment defects.
Micronuclei in KIF18A KO cells successfully recruit non-core nuclear
envelope components. Before chromosomes can interact with spindle microtubules in
mammalian cells, nuclear envelope components must be disassembled and relocated.
Several nuclear envelope proteins are found ubiquitously throughout the cytoplasm
following nuclear envelope disassembly, whereas other components are unevenly
distributed to organelles in the dividing cell (Hetzer, 2010). For example, inner nuclear
membrane proteins, such as lamin B, are stored within the membranes of the
endoplasmic reticulum (ER) at this time (Yang et al., 1997; Hetzer, 2010). While lamin
A/C is a “core” nuclear envelope component, as it is recruited to the central
chromosome mass nearest the central spindle axis during nuclear envelope reformation
(Clever et al., 2013), lamin B is a “non-core” component that is targeted to the
chromosome peripheral regions during nuclear envelope reformation (Clever et al.,
2013). Micronuclear envelope stability is enhanced by successful recruitment of lamin
B, while loss of lamin B causes holes to form in the lamina, increasing the frequency of
nuclear envelope rupture (Vergnes et al., 2004; Vargas et al., 2012; Hatch et al., 2013;
Liu et al., 2018).
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To compare the extent of non-core nuclear envelope component recruitment to
micronuclei in KIF18A KO cells and those subjected to nocodazole drug washout, cells
were fixed and co-stained with DAPI and an antibody against lamin B1 (Fig. 5A).
These experimental conditions were chosen for comparison because they exhibited the
lowest and highest rates of micronuclear envelope rupture, respectively (Fig. 4D and
Table S7). Lamin B levels in KIF18A KO cell micronuclei were significantly higher
than those in nocodazole washout-treated cells and similar to those measured in
primary nuclei (Fig. 5B-C; p < 0.01). Quantifications of lamin B recruitment are also
reported as a function of micronuclear envelope integrity determined via lamin A/C
(Fig. 5D). These data indicate that lamin B recruitment to micronuclei is more efficient
in KIF18A KO cells than in nocodazole treated cells.
To determine if lamin B is also recruited to micronuclei in Kif18a mutant cells
in vivo, we investigated lamin B in thymic lymphoma tissues co-stained with Hoechst
(DNA, Fig. 5E). We found similar levels of lamin B recruitment to micronuclei within
Kif18a+/+, Trp53tm1 Tyj/tm1 Tyj and Kif18agcd2/gcd2, Trp53tm1 Tyj/tm1 Tyj tissues, where 48% and
52% of micronuclear envelopes lack robust recruitment of lamin B, respectively (Fig.
5F and Table S9). These results are consistent with the frequency of laminar gaps
within micronuclear envelopes identified via lamin A/C staining and suggest that lamin
B is recruited to stable micronuclei within Kif18a mutant mice (Fig. 3B and 5F).
Micronuclei in KIF18A KO cells exhibit successful nuclear envelope
expansion. Nuclear envelope stability also depends on efficient recruitment of
membrane and membrane components from the ER as chromosomes decondense and
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nuclear area expands in late mitosis (Anderson and Hetzer, 2008; Hetzer, 2010; Clever
et al., 2013; De Magistris and Antonin, 2018; Kuhn et al., 2019). Data from intact cells,
as well as in vitro nuclear assembly systems, show that physically disrupting the
connection between nuclei and the peripheral ER can indeed block nuclear expansion
(Anderson and Hetzer, 2007). To investigate whether micronuclei in KIF18A KO cells
are able to successfully expand and stabilize, we measured the change in both
micronuclear and primary nuclear chromatin area over time as chromosomes
decondensed in live telophase cells (Fig. 6A). Micronuclear chromatin within KIF18A
KO cells exhibited a 1.4-fold increase in area, similar to that of chromatin within
primary nuclei (Fig. 6B-D). In contrast, micronuclei forming as a result of nocodazole
washout exhibited a significantly reduced expansion during telophase (p < 0.01). These
results suggest that micronuclei forming after nocodazole washout experience
chromatin restriction, which may increase the frequency of micronuclear envelope
rupture.
Lagging chromosomes in KIF18A KO cells are located near the spindle
poles. Previous work in both cultured human cells and Drosophila has demonstrated
that micronuclear envelope stability is influenced by the subcellular location of nuclear
envelope assembly around individual lagging chromosomes within the mitotic spindle
(Afonso et al., 2014 and Maiato et al., 2015, Liu et al., 2018). Our analyses of
micronucleus formation in live KIF18A KO cells indicate that micronuclei form around
lagging chromosomes 98% of the time (46 out of 47 events from 4 independent
experiments). Thus, we compared the locations of lagging chromosomes in KIF18A
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KO and nocodazole washout RPE1 cells. Asynchronously dividing KIF18A KO cells
were fixed and labeled with an antibody against γ-tubulin, to mark spindle poles, and
DAPI, to stain chromatin. Cells in late anaphase were scored for the presence of
lagging chromosomes, which notably trailed behind the main chromatin masses.
Lagging chromosomes were observed in 44% (52/118) of nocodazole-washout treated
RPE1 cells, and in 9% (4/43) of KIF18A KO cells, respectively (Fig. S4A-B; p <
0.001). These data agree with our prior analyses of midzone lagging chromosomes in
KIF18A KO cells (Fonseca et al., 2019), and suggest that differences in lagging
chromosome positions may underscore the differences in micronuclear envelope
stability exhibited by KIF18A KO and nocodazole washout cells.
To explore this question further and obtain precise measurements of lagging
chromosome positions from a larger number of KIF18A KO cells, we synchronized
cells in G2 and then released them into mitosis. This facilitated a similar enrichment of
late anaphase cells as observed following nocodazole washout. Cells were then fixed
and stained for antibodies against γ-tubulin and centromeres (Fig. 7A). The positions of
individual centromeres relative to the spindle pole were measured in each anaphase
half-spindle. Centromere signals located further than two standard deviations from the
average centromere position within each half spindle were identified as “lagging” (Fig.
7B). Lagging chromosomes in KIF18A KO cells were located closer to the pole than
those in nocodazole treated cells (Fig. 7C). Measurements of anaphase chromosome
distributions indicated that chromosomes were similarly distributed within half spindles
of cells lacking KIF18A and those treated with nocodazole washout (p = 0.14; Fig.
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S4C). In addition, the angle of each lagging chromosome centromere relative to the
pole-to-pole axis was measured. There was not a significant difference between the
angles of lagging chromosomes to the spindle in the two conditions (Fig. 7D). These
data indicate that lagging chromosomes in nocodazole washout cells are closer to the
midzone than those in KIF18A KO cells, which could contribute to the observed
decrease in micronucleus stability.
Lagging chromosome distance from the spindle pole predicts micronuclear
envelope rupture. To test whether the probability of micronuclear envelope rupture is
influenced by lagging chromosome position within anaphase spindles, we measured the
location of micronuclear formation in live cells and subsequently tracked micronuclear
integrity. Specifically, we transfected RPE1 cells that stably express CENP-A-GFP (to
mark centromeres) and Centrin-1-GFP (to mark spindle poles) with plasmids that
express NLS-EGFP (to indicate nuclear envelope integrity) and mCherry-Histone2B
(H2B, to mark chromatin) (Magidson et al., 2011). Cells expressing these fluorescent
markers were then treated with nocodazole and imaged immediately following drug
washout. This treatment was used to induce micronuclei forming at a range of locations
within the anaphase spindle. We imaged 81 cell divisions with lagging chromosomes,
which yielded 28 micronucleated daughter cells and a total of 31 micronuclei for
analysis). Micronucleated cells were tracked to assess micronuclear rupture, evidenced
by loss of NLS-EGFP signal from the mCherry-H2B micronuclear chromatin (Fig. 8A,
SV 1-2). The average distance of lagging chromosomes from the pole at the time when
chromatin decondensation was first detectable for micronuclei which eventually
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ruptured was 7.7 +/- 1.2 µm, while the average distance from the pole for lagging
chromosomes that formed micronuclei that did not rupture was 5.5 +/- 0.7 µm (Fig.
8A). These data support a model in which the position of lagging chromosomes, and
thereby, sub-cellular location of micronucleus formation,

predicts resulting

micronuclear envelope stability.
To explore other possible explanations for the differences in micronuclear
envelope stability in KIF18A KO and nocodazole washout cells, we investigated
micronuclear chromatin area, the DNA damage marker γH2AX, and presence of
centromeres within micronuclei. However, none of these factors had strong correlations
with micronuclear envelope stability (Fig. S5, A-D).

3.4 Discussion
Micronuclei have been proposed not only as passive markers of genomic
instability, but also as active drivers of tumorigenesis (Stephens et al, 2011; Rausch et
al., 2012; Holland and Cleveland, 2012; Crasta et al., 2012; Nones et al., 2014; Zhang
et al., 2015; Luijten et al., 2018). Inconsistent with this proposal, Kif18a mutant mice
readily form micronuclei in vivo but do not spontaneously develop tumors. We
investigated this apparent contradiction by testing the contributions of two, nonmutually exclusive models: (1) that p53 activity in Kif18a mutant mice prevents
propagation of micronucleated cells and the subsequent reincorporation of damaged
DNA into primary nuclei and (2) that micronuclei form stable nuclear envelopes. Our
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data favor the second model, and indicate that micronuclei in Kif18a mutant cells,
which form as a result of mitotic chromosome alignment defects (Fonseca et al, 2019),
have stable nuclear envelopes that undergo expansion as cells exit mitosis. The more
stable micronuclear envelopes in KIF18A KO cells are less prone to experiencing
rupture events, as assessed both in cultured cells and in mouse tissue sections, and this
stability is independent of p53 status. In contrast, micronuclei that resulted from
improper kinetochore-microtubule attachments induced by nocodazole washout formed
further from mitotic spindle poles, had unstable nuclear envelopes, and failed to
undergo expansion (Hatch et al., 2013, Zhang et al., 2015, Liu et al., 2018). Taken
together, this work demonstrates that the underlying cause of lagging chromosomes can
strongly impact the stability of micronuclear envelopes that form around them, and
therefore, their threat to genomic stability (Ding et al., 2003; Hoffelder et al., 2004;
Terradas et al., 2009; Terradas et al., 2010; Huang et al., 2011, Crasta et al., 2012,
Hatch et al., 2013, Zhang et al., 2015, Liu et al., 2018).
We found that loss of Kif18a modestly reduced the survival of Trp53
homozygotes and did not affect the survival of Trp53 heterozygotes. These data are
inconsistent with the idea that p53-dependent cell cycle arrest prevents micronuclei
from promoting tumor development in Kif18a mutant mice. The precise reason for the
differential survival of Kif18agcd2/gcd2 , Trp53tm 1 Tyj/tm 1 Tyj and Kif18agcd2/gcd2 , Trp53+/tm 1
Tyj

mice is not known. A small fraction of Kif18agcd2/gcd2 mice die shortly after birth, and

surviving mice may be sensitive to the rapid tumorigenesis that occurs in the Trp53tm 1
Tyj/tm 1 Tyj

model. However, we cannot formally rule out other potential contributing
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factors to survival differences including: (1) the combination of increased micronuclei
in Kif18agcd2/gcd2 , Trp53tm 1 Tyj/tm 1 Tyj homozygous mice, paired with a similar rupture
rate seen in Trp53 mutants increases tumorigenesis or (2) differences in tumor spectrum
between Kif18agcd2/gcd2 , Trp53tm 1 Tyj/tm 1 Tyj and Kif18agcd2/gcd2 , Trp53tm 1 Tyj/+ genotypes.
In addition, our results suggest that the formation of micronuclei per se does not
necessarily lead to tumorigenesis. This, together with prior studies which (1) detect no
apparent increase in aneuploidy in Kif18agcd2/gcd2 mouse embryonic fibroblasts
(Czechanski

et al., 2015), and (2) demonstrate that Kif18a mutant mice are not

predisposed to tumor formation when challenged with colitis-associated colorectal
cancer (Zhu et al., 2013), suggests that Kif18a mutant mice maintain genomic stability
despite micronuclear loads that are typically seen in mice genetically predisposed to
spontaneous tumorigenesis (i.e. Atm mutant mice, Fonseca et al., 2019). Thus, we
propose that additional physical or genetic insults are needed to create permissive
environments that drive genomic instability and cellular transformation in
micronucleated cells or tissues.
Our data indicate that the positioning of lagging chromosomes, which often
form micronuclei, is impacted by the type of insult leading to the chromosome
segregation error. Prior studies that characterized the impact of micronuclei on genomic
stability primarily utilized treatments, such as nocodazole washout, that promote
improper kinetochore-microtubule attachments and give rise to micronuclei that form in
the central-spindle, far from the spindle poles (Crasta et al., 2012, Zhang et al., 2015,
Hatch et al., 2013, Liu et al., 2018). In contrast, lagging chromosomes in KIF18A KO
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cells were located closer to the poles in late anaphase. The fact that micronuclei in
KIF18A KO cells are relatively stable compared to those in nocodazole treated cells is
consistent with work indicating that bundled microtubules and a gradient of Aurora B
inhibit proper nuclear envelope reformation near the center of anaphase spindles
(Afonso et al., 2014 and Maiato et al., 2015, Liu et al., 2018). Our data also indicate
that the distance of a lagging chromosome from the pole is more important for nuclear
envelope reformation than its position relative to the pole-to-pole axis.
On the other hand, chromosome size, prevalence of DNA damage, and whether
the micronuclear chromatin contained centromeres did not strongly correlate with
micronuclear envelope rupture status. These results differ somewhat from studies that
indicate a correlation between damaged micronucleated DNA and envelope rupture
(Hatch et al., 2013; Zhang et al., 2015). This could possibly be explained by an
enrichment of KIF18A mutant cells in G2 following micronucleation (Umbreit et al.,
2020). Consistent with this idea, Kif18a mutant MEFs display an increase in G2 cells
compared to wild type (Czechanski et al., 2015). Alternatively, it is possible that
KIF18A KO micronuclei may accrue damage without rupturing micronuclear
envelopes. These possibilities should be explored in future studies. Additionally, we
observed a lower frequency of ACA positive micronuclei following nocodazole
treatment than was seen in previous studies (Worral et al., 2018). This could potentially
be a result of differences in nocodazole treatment length, where the shorter drug
treatment used in our studies may lead to increased spindle-induced chromosome
damage. While we cannot rule out that there are other factors contributing to observed
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differences in micronuclear envelope stability seen in KIF18A KO and nocodazole
treated cells, our data are consistent with the idea that lagging chromosome position
strongly influences nuclear envelope stability and that this effect may be relevant in
vivo.
In addition to the negative regulation proposed by microtubule bundling and
inhibitory Aurora gradients, it is possible that positive regulation by the spindle poles
and ER membranes may promote stable nuclear envelope reformation. This idea is
consistent with our observations that pole-proximal positioning of lagging
chromosomes correlates with successful expansion of micronuclear chromatin area and
recruitment of lamin B to micronuclear membranes in KIF18A KO cells. For example,
if lagging chromosomes are positioned nearer to the stores of nuclear envelope
components located in the mitotic ER, this pole-proximal location may enhance prompt
recruitment of necessary proteins and membrane to micronuclear envelopes during
telophase. Potential positive regulators that impact nuclear envelope stability will
require further investigation.
Why does micronuclear envelope stability differ between normal and tumor
tissues? One possibility is that changes occurring during the process of cellular
transformation may act to increase the frequency of micronuclear rupture. For example,
aneuploidy in tumor cells could result in lagging chromosomes being positioned closer
to the midzone. Furthermore, a reduction of lamina in tumor cells has been associated
with reduced stress resistance in the nuclear envelope, resulting in more frequent
nuclear blebbing and rupture (Vergenes et al., 2004; Vargas et al., 2012; Hatch et al.,
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2013; Denais, et al., 2016). Thus, the increased stiffness of tumorous tissue, paired with
increased cytoskeletal forces present, may contribute to the increased prevalence of
micronuclear envelope rupture in this context. Though growing evidence links
increased mechanical stress to elevated rupture of primary nuclei in cancer cells, more
research is needed to completely map these mechanistic changes to micronuclear
envelope rupture in an in vivo context.
In conclusion, our work raises a number of interesting questions about the
impact of micronuclei in vivo. To what extent and under what cellular conditions do
micronuclei behave as drivers of tumorigenesis, and barring those conditions, are
micronuclei simply passive biomarkers of instability? How does the surrounding tissue
architecture impact transmitted cytoskeletal forces and alter micronuclear behaviors
and rupture incidence? To what degree are immune system inflammatory sensors
successful at recognizing and clearing damaged extranuclear DNA in vivo, and how
might inflammatory micronucleation alter the progression of tumorigenesis at an
organismal level? The development of new models that allow investigators to tune
micronuclear rupture in vivo will be required to fully understand the impact of
micronuclei on tumorigenesis.

3.5 Materials and Methods
Animal Ethics Statement. All procedures involving mice were approved by The
Jackson Laboratory’s Institutional Animal Care and Use Committee and performed in
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accordance with the National Institutes of Health guidelines for the care and use of
animals in research.

Mouse development. A cohort of laboratory mice heterozygous for the null alleles,
Trp53tm1Tyj and Kif18agcd2, were generated by in vitro fertilization of oocytes from 30
heterozygous Trp53Tm1TyJ females (JAX JR#2526, C.129S2(B6)-Trp53<tm1Tyj>/J)
with sperm from a B6.Kif18a^gcd2 male (JAX JR#10508 / MMRRC #034325-JAX).
A total of 143 offspring (64F/69M) were obtained from this expansion and those that
were doubly heterozygous for each allele were intercrossed to produce a large cohort of
animals for survival analysis. Cohort size and sample groups by genotype were based
on published tumorigenesis and survival data on the Trp53<tm1Tyj>/ allele
(PMID: 7922305) and z-tests, alpha = 0.5, 85% power. Genotypes and sample groups,
excluding censored individuals) were as follows: Heterozygous p53: Kif18agcd2/gcd2,
Trp53tm1Tyj/+ (n = 40F, 35M) vs. Kif18a+/+, Trp53tm1Tyj/+ (40F, 38M). Homozygous p53:
Kif18agcd2/gcd2, Trp53tm1Tyj/tm1Tyj (n = 22F, 20M) vs. Kif18a+/+, Trp53

tm1Tyj/tm1Tyj

(n =

25F, 33M) or Kif18agcd2/+, Trp53 tm1Tyj/tm1Tyj (n = 13F, 20M). A cohort of Kif18agcd2/gcd2,
Trp53+/+ (n = 38F, 34M) genetic background controls were included and no tumors
were observed in this group of mice.

Two approaches were used for survival analysis. Prism 8 and R were used to generate
survival curves and to perform Wang-Allison tests. These tests compare of the number
of subjects alive and dead beyond a specified time point (90% percentile) between two
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sample groups. To account for censored data, and a nonparametric log-rank test as also
used to compare the survival distributions. The log-rank test results in a Chi-square
statistic, which was then used to calculate significance of the test.

Peripheral blood micronucleus assays. Micronuclear assays of peripheral blood were
conducted as previously described (Dertinger et al., 1996; Reinholdt et al., 2004).
Peripheral blood was collected from the retro-orbital sinus of male and female
laboratory mice, 12-18 weeks of age, for each of the following genotypes (4 males and
4 females per genotype). Genotypes were as follows: Kif18agcd2/gcd2, Trp53tm1Tyj/tm1Tyj ;
Kif18a+/+, Trp53 tm1Tyj/tm1Tyj Kif18agcd2/+, Trp53 tm1Tyj/tm1Tyj; Kif18a+/+, Trp53 tm1Tyj/tm1Tyj ;
Kif18a+/+, Trp53 +/+ . A cohort of Kif18agcd2/gcd2, Trp53+/+ (n = 38F, 34M). Briefly, 75
µl of blood was immediately mixed with 100 µl of heparin, and the mixture was then
pipetted into 2 ml of ice-cold (−80°C) 100% methanol with vigorous agitation to
prevent clumping. Samples were stored at −80°C overnight before processing for flow
cytometry. Sample preparation and flow cytometry: Each blood sample was washed
with 12 ml of sterile, ice-cold bicarbonate buffer (0.9% NaCl, 5.3 mM sodium
bicarbonate, pH7.5), centrifuged at 500g for 5 min. and resuspended in a minimum of
carryover buffer (~100 µl). 20 µl of each sample was added to a 5 ml polystyrene
round- bottomed tube, and to each sample an 80 µl solution of CD71-FITC and RNase
A (1 mg/ml) was added. Additional control samples were CD71-FITC alone and an
additional sample with bicarbonate buffer alone to which propidium iodide (PI) would
be later added (see below). Cells were incubated at 4C for 45 minutes, washed with 2
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ml cold bicarbonate buffer, and centrifuged as above. Cell pellets were stored on ice
and then, immediately prior to flow cytometric analysis, resuspended in 1 ml of icecold PI solution (1.25 mg/ml) to stain DNA. Flow cytometry: Samples were processed
on a BD Bioscience LSRII fluorescence-activated cell sorter gated for FITC and PI, and
set to collect 20,000 CD71 positive events at 5,000 events / sec. The CD71-FITC and
PI control samples were used to calibrate for autofluorescence. Reticulocytes (Retic,
CD71+, PI- [in the presence of RNase A]), mature red blood cells (RBC, CD71 -, PI -),
micronucleated

normochromatic

erythrocytes

(NCE-MN,

CD71-,

PI+)

and

micronucleated reticulocytes (Ret-MN, CD71+, PI+) were measured using FlowJo
software. The total % of spontaneous micronuclei in NCE was NCE-MN/(NCE-MN +
RBC)*100.

Cell Culture and transfections. hTERT-RPE1 cells (ATCC) were maintained at 37°C
with 5% CO2 in MEM-α (Life Technologies) containing 10% FBS (Life Technologies)
and 1% antibiotics. The Kif18A-deficient CRISPR line was produced as previously
described (Fonseca et al, 2019). For fixed cell assays, cells were seeded on 12-mm
acid-washed coverslips and transfected with 30 pmol siRNA complexed with
RNAiMAX, following the manufacturer’s instructions. For live cell imaging, cells were
subjected to plasmid transfections ([2 µg]/ each plasmid), performed using a
Nucleofector 4D system, according to the manufacturer’s instructions (Lonza). RPE1
cells were transfected with SF solution and electroporated with code EN-150.
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Following electroporation, cells were seeded in 35-mm poly-L-lysine-coated glass
bottom dishes (MatTek) 8 h before the addition of siRNA.

Primary murine tumor extraction and histology sections. For derivation of primary
murine tumors, mice were euthanized when they showed signs of labored breathing
(suspected thymic lymphoma) or exhibited visible tumors causing difficulties in
mobility (suspected muscular sarcoma). Mice were dissected, tissue samples were taken
for genotype verification, and individual tumors were excised, washed in cold PBS,
halved, and fixed in normal buffered formalin and embedded in paraffin. Five
micrometer, step-sections were mounted on microscope slides and 10 slides per tissue
sample were used for immunolabeling. Mounted paraffin sections were deparaffinized
in xylene and rehydrated through a gradual ethanol series. Antigen retrieval was
performed by boiling 0.01 M citric acid (pH 6) for 20 min. Slides were blocked in 20%
goat serum in AbDil for one hour before antibody incubation overnight and staining via
Hoechst (1:2,000; Fisher Scientific, H3570). Stained sections were mounted in
ProLong Gold without DAPI (Thermo Fisher Scientific).
Tissue samples were genotyped by The Jackson Laboratory Transgenic Genotyping
Service. Tissue sectioning and slide preparation was performed by The Jackson
Laboratory Histolopathology Services.

Primary murine thymic lymphoma metaphase spreads. After mice were euthanized
and individual thymic lymphoma tumors were excised and washed in cold PBS (see
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above), primary single-cell suspension cultures of each biological thymic lymphoma
sample were created by masticating tumor tissue via razor blades in a 100 mm cell
culture dish containing 5 mL PBS, followed by passing cells through a 0.22 gauge
syringe. Individual cell suspensions were seeded into a 6-well dish and fed in RPM1
media

(Life

Technologies)

with

10%

FBS

(Life

Technologies)

and

1%

antibiotic/antimycotic, and incubated at 37°C with 5% CO2. Media was refreshed at 24
hours, and once single cell suspension cultures stabilized, cells were moved to T25 mL
flasks and grown at low passage numbers. To enrich for mitotic cells, thymic
lymphoma cultures were pelleted and resuspended in fresh media containing 15% FBS
and 0.02 µg/mL colcemid (KaryoMAX colcemid solution in PBS, Life Technologies,
15212012) for three hours while incubating at 37°C with 5% CO2. Thymic lymphoma
cultures were pelleted, media was removed, and cells were resuspended in a hypotonic
solution (0.56% KCl, Sigma-Aldrich) for 15 minutes at 37°C. Following incubation,
cells were pelleted, the hypotonic solution was removed, and cells were resuspended
ice-cold fixative (3:1 methanol: glacial acetic acid, Sigma-Aldrich). Cells were pelleted
and subsequently resuspended in fresh aliquots of ice-cold fixative 3x before dropping
100 µL of fixed sample from a height of 1 foot onto Mill-Q water rinsed slides. Slides
were tilted at a 45° angle to create gravity-assisted chromosome spreads before drying
on a hotplate for 2 hours. Slides were mounted with Prolong Gold Antifade Reagent
with DAPI (Thermo Fisher Scientific) and imaged using a 20x objective (Nikon). Only
isolated chromosome spreads with clear spread patterns were quantified to assess
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chromosome copy numbers likely to have originated from individual nuclei – rather
than from multiple mitotic cells dropped in close proximity.

Plasmids and siRNAs. H2B-GFP was a gift from Geoff Wahl (The Salk Institute, La
Jolla, CA; Addgene plasmid no. 11680). mCherry-Nucleus-7 plasmid, referred to in the
text as mCherry-NLS for simplicity, was generated by Michael Davidson and obtained
from Addgene (Addgene plasmid no. 55110; http://n2t.net/addgene:55110 ;
RRID:Addgene_55110). NLS-EGFP plasmid was generated by Rob Parton and
obtained from Addgene (Addgene plasmid no. 67652, http://n2t.net/addgene:67652 ;
RRID:Addgene_67652; Ariotti et al., 2015). Cells were transfected using siRNAs
targeting MAD2 sequence 5′-AGAUGGAUAUAUGCCACGCTT-3′ (Qiagen), pools of
siRNAs targeting the TP53 sequence 5’-GAAAUUUGCGUGUGGAGUA-3’, 5’GUGCAGCUGUGGGUUGAUU-3’,

5’-gcagucagauccuagcguc-3’,

and

5’-

ggagaauauuucacccuuc-3’ (Dharmacon ON-TARGETplus), or negative control Silencer
siRNA #2 (Thermo Fisher Scientific).

Cell fixation and immunofluorescence. RPE1 cells were fixed in -20°C methanol
(Thermo Fisher) and 1% paraformaldehyde (Electron Microscopy Sciences). Cells were
then washed in 1x TBS and blocked in antibody dilution buffer (Abdil; tris buffered
saline, pH 7.4, 1% bovine serum albumin, 0.1% Triton X-100, and 0.1% sodium azide)
containing 20% goat serum. Cells were incubated with the following primary
antibodies for 1 h at room temperature in Abdil: mouse anti-human lamin A/C (1:200 in
113

cells or 1:1,000 for tissue sections; Millipore MAB3211), rabbit anti-lamin A/C (1:200
in cells or 1:1,000 for tissue sections; Abcam ab26300), rabbit anti-lamin B1 (1:200;
Abcam ab16048), rabbit anti-γ-H2AX (1:200; Cell Signaling 9718S), rabbit antimCherry (1:200; Abcam ab167453), mouse anti-γ-tubulin (1:200; Sigma-Aldrich
T5192); mouse anti-LAP2 (1:250 BD Biosciences 611000); and rabbit anti-ezrin
(1:1,000 Cell Signaling 3145). Cells were incubated overnight at 4°C with human anticentromere antibody (ACA; 1:200; Antibodies Inc., 15235). Cells were incubated for 1
h at room temperature, in the dark, with goat secondary antibodies against mouse,
rabbit, or human IgG conjugated to Alexa Fluor 488, 594, or 647 (Molecular Probes by
Life Technologies). Coverslips were mounted on glass slides with Prolong Gold
antifade reagent plus DAPI (Thermo Fisher Scientific).

Microscopy. Cells were imaged on a Nikon Ti-E inverted microscope (Nikon
Instruments) controlled by NIS Elements software (Nikon Instruments) with a SpectraX light engine (Lumencor), Clara cooled-CCD camera (Andor), 37°C environmental
chamber, and the following Nikon objectives: 20× Plan Apo differential interference
contrast (DIC) M N2 (NA 0.75), 40× Plan Apo DIC M N2 (NA 0.95), 60× Plan Apo λ
(NA 1.42), and 100× APO (NA 1.49).

Imaging of nuclear envelope component lamin B1 for assessment in RPE-1 cells and
lamin A/C or lamin B1 assessment in histological sections of mouse tissues was
performed at the Microscopy Imaging Center at the University of Vermont. Fixed cells
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or tissues were imaged using a Nikon A1R-ER confocal microscope (Nikon
Instruments), controlled by NIS Elements software (Nikon Instruments), with a Sola
light engine (Lumencor), Nikon A1plus camera, containing a hybrid resonant and high
resolution Galvano galvanometer scanhead set on an inverted Ti-E system (Nikon
Instruments), and the following Nikon objectives: 20× Plan Apo λ (NA 0.75), 40× Plan
Fluor Oil DIC H N2 (NA 1.3), 60× APO TIRF Oil DIC N2 (NA 1.49).

Live cell imaging. Cells were transferred into CO2-independent media with 10% FBS
and 1% antibiotic (Life Technologies) for imaging via fluorescence microscopy. For
long term imaging of H2B-GFP and/or mCherry-Nucleus7 expressing cells, single
focal plane images were acquired at 2-minute intervals with a 20x or 40x objective. For
imaging live micronucleus production and chromatin decondensation/expansion, fields
were scanned and metaphase cells were selected for imaging. For tracking lagging
chromosomes leading to micronucleus formation in RPE1 cells expressing mCherryH2B, CENP-A-GFP/-Centrin-1-GFP, and NLS-EGFP, single focal plane images were
acquired at 30-second intervals with a 20x objective in the GFP-channel only, to
prevent phototoxicity. Manual adjustments to the focus throughout acquisition were
made to keep centrin and lagging chromosomes in focus, as required. To track
micronuclear envelope integrity after micronuclear formation, single focal plane images
were acquired at 2-minute intervals with a 20x objective in both the GFP and mCherry
channels. Micronuclear envelope rupture was identified when NLS-EGFP signal was
abruptly lost from micronuclear chromatin (indicated via mCherry-H2B).
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Micronuclear analysis in fixed cells. For fixed cells, micronucleus counts were made
using single focal plane images of DAPI stained cells. Image acquisition was started at
a random site at the bottom edge of the coverslip, and images were acquired every two
fields of view using a 20x objective for micronucleus frequencies in each population.
Micronuclear envelope rupture frequencies were determined using single focal plane
images of DAPI stained cells. Image acquisition was started at a random site at the
bottom of the coverslip, all micronuclei that were observed were imaged using a 20x
objective, until ~50 micronuclei were found via DAPI stain only (blind to nuclear
envelope marker) in each condition. Once micronuclei were identified and specific
x,y,z coordinates marked for imaging, micronucleated cells were imaged in all
applicable fluorescent channels. Any micronuclear envelope without continuous lamin
A/C was scored as “ruptured/absent,” and only micronuclei with continuous lamin A/C
labeling were deemed “intact,” to create a binary readout of lamin A/C status.
To validate the use of lamin A/C presence as a marker of intact micronuclear
envelopes, KIF18A KO cells and RPE1 cells were transfected with mCherry-N7
plasmid (mCherry tag fused to nuclear localization sequence repeats to allow targeted
nuclear import of plasmid), seeded onto 12-mm acid-washed coverslips, and
maintained for 24 h. After induction of micronuclei via nocodazole treatment and drug
washout, for RPE1 cells, or without additional treatment in KIF18A KO cells, cells
were fixed and stained with mouse anti-lamin A/C and rabbit-anti-mCherry, and
mounted on glass slides with Prolong Gold antifade reagent plus DAPI. Coverslips
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were scanned in the DAPI channel only, and all micronuclei found (up to 50
micronuclei per experiment) were imaged in all channels to assess co-occurance of
lamin A/C and mCherry signals. Validation of lamin A/C signal to assess micronuclear
envelope integrity was also performed in both KIF18A KO and RPE1 cells treated with
nocodazole washout via co-staining with antibodies against lamin A/C using the same
imaging approach. To assess DNA damage in micronuclei, an antibody against γH2AX
was used; any positive signal, including a single focus within the micronuclear
chromatin, was recorded as γH2AX-positive and included under the category
‘damaged.’ Micronuclei without any detectable γH2AX signal were categorized as not
exhibiting DNA damage.

Nuclear envelope protein assessment in micronuclei. Fixed cells with micronuclei
were identified by scanning in DAPI. Relevant fields were recorded and imaged on a
Nikon confocal microscope focused within a single, central plane through main nuclei.
Quantification of nuclear envelope components was performed in ImageJ using the
Radial Profile Plot plugin. Briefly, the plugin produces a profile plot of integrated
fluorescent intensity measurements, for a series of concentric circles, as a function of
distance from the central point. A standardized circular ROI was used to collect all
micronuclear radial profile measurements, with the center of the ROI placed over the
center of each micronucleus. Radial profile plots were collected in DAPI (to determine
the distance cutoff for each micronucleus circumference) and in the lamin B1 channel
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(to quantify its abundance within the outer rim of the micronuclear envelope).
Background subtracted lamin B1 measurements at the outer rim of each micronuclear
envelope were recorded. This process was repeated to measure lamin B1 presence at
the outer rim of primary nuclei and report the relative ratio of lamin B1 incorporation
within nuclear envelopes of micronuclei and primary nuclei occurring in the same cell,
for comparison. For primary nuclear measurements, ROIs were arranged around the
smallest circular ROI touching three sides of the main nucleus.

Lagging chromosome measurements. KIF18A KO RPE-1 cells were synchronized
with 10 µM CDK-1 inhibitor R0-3306 (Sigma-Aldrich) diluted in MEM- α media with
10% FBS and 1% antibiotic for 15 hours before drug was washed out. Cells were fixed
1 h post release to enrich for late anaphase cells. RPE-1 WT cells were treated with 5
µM nocodazole (Sigma-Aldrich) for 2 h before drug was washed out to induce
merotelic attachments. Cells were fixed 45 min post washout to enrich for late anaphase
cells.
Fixed cells in late anaphase were imaged in multiple z-stack focal planes to capture
both focused spindle poles and individual ACA puncta. Image analysis was done in
ImageJ with the straight-line segment tool to obtain individual chromosome-to-pole
distance measurements. One end of the line was anchored at the focused plane of a
single spindle pole, and the other end was moved to the center of each focused ACA
puncta (in the appropriate focal plane) for all 23 centromeres positioned for segregation
to that pole (spindle-to-centromere distances taken for each respective half-spindle). All
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centromere positions were recorded, and the average chromosome distribution was
calculated for each individual half spindle measured to account for cells fixed in
different stages of anaphase. Lagging chromosomes were determined as those
centromeres with measured centromere-to-pole distances greater than two standard
deviations outside the average centromere-to-pole distance for all centromere puncta
per each half spindle. Normalized centromere-to-pole distances were obtained for each
lagging chromosome by dividing each centromere’s distance-to-pole value by the
average centromere-to-pole distance for its respective half spindle.

Chromatin decondensation / Micronuclear envelope expansion measurements. RPE1 cells were transfected with GFP-H2B plasmid. 24 h after transfection, cells were
transferred to CO2–independent media for live imaging. For nocodazole or vehicle
control DMSO conditions, RPE-1 cells were treated with drug or vehicle control for 2 h
before drug washout (cells flushed 3x with PBS) immediately before transferring to
CO2 –independent media and beginning filming. Cells found to be in metaphase were
imaged every 2 min using a 40x objective and imaged for a duration of at least 4 h.

Chromatin decondensation measurements were obtained using ImageJ by applying the
minimum threshold to completely cover chromatin (GFP-H2B) signal and measuring
the area of the thresholded region corresponding to an individual chromatin mass
forming either (1) a daughter nucleus or (2) a micronucleus. Frames which did not
provide appropriate spatial separation to select only a single daughter cell nucleus or
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micronucleus without interference (overlapping other nuclei / edge of frame) were
excluded from measurement. Area measurements began in the first frame of chromatin
decondensation (following completion of chromatin segregation in late anaphase), and
measurements were taken every subsequent frame for one-hour post anaphase onset, or
until the chromatin area plateaued.
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3.8 Figures

Figure 3-1. Kif18a mutant mice display similarly elevated levels of micronuclei in healthy tissues,
regardless of p53 status.

(A) Schematic of cross to generate Kif18agcd2 , Trp53tm1 Tyj mice. (B) Quantification of
micronucleated cells, as observed by Hoechst stain, observed in thymus, spleen, and liver
tissues from healthy individuals homozygous for the Kiif18Agcd2 mutation, and with
wildtype Trp53, Trp53tm1 Tyj/+, or Trp53tm1 Tyj/ tm1 Tyj. n=3 tissue types from one biological
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sample per each genotype. Percentages are the average from 2 independent counts of
each tissue. Micronucleated cell counts were as follows: Kif18agcd2/gcd2, Trp53+/+ 83/1317
in thymus, 119/2587 in spleen, 57/1115 in liver; Kif18agcd2/gcd2, Trp53+/tm1 Tyj 120/1496
thymus, 68/1468 spleen, 41/735 liver; Kif18agcd2/gcd2, Trp53tm1

Tyj/tm1 Tyj

36/602 thymus,

97/2410 spleen, 46/811 liver. (Table 3-S1). (C) Representative images of micronuclei
(yellow arrowheads) observed in healthy (left to right) thymus, spleen, and liver tissue
sections from a Kif18agcd2/gcd2, p53+/+ mouse. (D) Plot showing percentages of
micronucleated reticulocytes (of total reticulocytes) quantified via peripheral blood assay
from male and female mice of genotypes: Kif18agcd2/gcd2, Trp53tm1

Tyj/tm1 Tyj

(n=8);

Kif18agcd2/gcd2, Trp53+/+ (n=8); Kif18agcd2/+, Trp53tm1 Tyj/tm1 Tyj (n=8); Kif18a+/+, Trp53tm1
Tyj/tm1 Tyj

and Trp53+/+ (n=8). Data points indicate individual biological replicates. Error

bars represent standard deviation. Statistical analysis was performed using pairwise
ANOVA comparisons of means, alpha 0.05 (* p < 0.01).
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Figure 3-2. Loss of Kif18a function increases the percentage of micronucleated cells in tumors caused
by Trp53 mutation but only modestly reduces survival.

(A) Representative images of micronuclei (yellow arrowheads) observed in thymic
lymphoma tumor sections, stained via Hoechst, from Kif18agcd2/gcd2, Trp53tm1 Tyj/tm1 Tyj and
Kif18a+/+, Trp53tm1

Tyj/tm1 Tyj

mice. (B) Plot showing the percentage of micronucleated

cells observed in thymic lymphoma from the indicated genotypes. Data points represent
individual biological samples.

n=3 biological replicates per genotype; Kif18a+/+,

Trp53tm1 Tyj/tm1 Tyj n= 3099 cells; Kif18agcd2/gcd2, Trp53tm1 Tyj/tm1 Tyj n = 4210 cells; * p <
0.001; (Table 3-S2). Statistical comparison was made via χ2 analysis. (C) Kaplan Meier
survival curves for the indicated genotypes Kif18a+/+, Trp53tm1

Tyj/tm1 Tyj

n = 58;

Kif18agcd2/gcd2, Trp53tm1 Tyj/tm1 Tyj n = 41; Kif18agcd2/+, Trp53tm1 Tyj/tm1 Tyj n = 33; * p = 0.01.
Kif18agcd2/gcd2, Trp53tm1 Tyj/+ n = 88; Kif18a+/+, Trp53tm1 Tyj/+ n = 87; p = 0.43, n.s. Black
lines represent censored datapoints. Indicated p-values were obtained by performing log
rank analysis of mean survival time and a Wang Allison test of maximal lifespan.
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Figure 3-3. Micronuclear envelopes in Kif18a mutants are stable in healthy tissue but display
incomplete lamin A/C recruitment in tumor cells.
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(A) Representative images of nuclear envelopes for primary nuclei and micronuclei
occurring in healthy thymus tissue (top) and in thymic lymphoma (middle and bottom)
from the indicated genotypes. Sections were stained with Hoechst (DNA, blue) and lamin
A/C (green); yellow arrowheads indicate complete micronuclei, via lamin A/C; red
arrowheads show micronuclei with incomplete lamin A/C. (B) Plot showing the percent
of micronucleated cells experiencing micronuclear envelope disruption in healthy
thymus, liver, and spleen tissues, as determined via incomplete lamin A/C signal cooccurring with micronuclear DNA. n = 3 tissue types per one biological replicate for each
genotype. (also see Table S1.) (C) Plot showing percent of micronuclei with nuclear
envelopes lacking complete lamin A/C in thymic lymphoma tissues from the indicated
genotypes n=3 biological replicates per genotype; p = 0.76, n.s. (also see Table S3). Data
points indicate biological replicates, p-values were calculated via unpaired Student’s ttest.
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Figure 3-4. Micronuclei resulting from loss of KIF18A function in human cells infrequently lack
lamin A/C.

(A) Schematic of experimental design. (B) Plot showing percent of micronucleated RPE1
cells following treatment with the indicated siRNAs or drug washout. n=4188 (RPE1
Control KD), n=3536 (RPE1 Control+p53 KD), n=661 (KIF18A KO Control KD),
n=869 (KIF18A KO Control KD+p53 KD) n=1223 (RPE1 MAD2 KD), n=1157 (MAD2
KD+p53 KD), n=4005 (RPE1+nocodazole washout), n=2189 (RPE1 1 Gy, Control KD),
n=3080 (RPE1 1 Gy, Control KD+p53 KD). *, p < 0.0001. (Table 3-S6) (C)
Representative images of fixed, micronucleated RPE1 cells labeled with DAPI (DNA,
blue) and lamin A/C (red). (D) Plot showing percentage of micronucleated cells that
lacked complete lamin A/C within micronuclear envelopes following the indicated
treatments. n=485 (RPE1 Control KD), n=510 (RPE1 Control+p53 KD), n=807 (KIF18A
KO Control KD), n=720 (KIF18A KO Control KD+p53 KD), n=631 (RPE1 MAD2 KD),
n=648 (RPE1 MAD2 KD+p53 KD), n=726 (RPE1+nocodazole washout), n=622 (RPE1
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1Gy, Control KD), n=778 (RPE1 1Gy, Control KD+p53 KD) *, p < 0.01. (Table 3-S7.)
(E) Plot showing percentage of micronuclei that lacked complete lamin A/C within
micronuclear envelopes in RPE1 Control and KIF18A KO cells subjected to DMSO
treatment or nocodazole-washout, as indicated. n=161 (RPE1 Untreated), n=162
(RPE1+DMSO washout), n=171 (RPE1+nocodazole washout), n=253 (KIF18A KO
Untreated), n=293 (KIF18A KO+DMSO washout), n=278 (KIF18A KO+nocodazole
washout), * p < 0.01. (Table 3-S8.) Data are from three independent experiments (B,C,E)
and from four experiments (D). Indicated p-values were calculated by χ2 analysis.
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Figure 3-5. Micronuclei in KIF18A-deficient cells successfully recruit the non-core nuclear envelope
component lamin B.

(A) Representative images of fixed, micronucleated RPE1 cells labeled with DAPI
(DNA, blue), ACA (centromeres, green), and lamin B (red). (B) Plot displaying lamin B
fluorescence in micronuclear envelopes. Data are from three independent experiments;
n=27 (RPE1+nocodazole washout) n=28 (KIF18A KO) * p < 0.001. Data points indicate
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individual micronuclei. (C) Plot displaying the ratio of lamin B fluorescence in the
micronuclear (MN) envelope to lamin B recruited to the primary nuclear (PN) envelope
in of the same cell. Data are from three independent experiments; n=10
(RPE1+nocodazole washout) n=14 (KIF18A KO) * p < 0.0001. Data points indicate
individual micronucleated cells. (D) Plot displaying the ratios of lamin B in the MN
envelope to lamin B in the PN envelope, parsed by continuous, incomplete, or absent
lamin A/C recruitment, as assessed via co-staining with lamin A/C antibody. n=24
(RPE1+nocodazole washout), n=52 (KIF18A KO); * p < 0.01. Data are from three
independent experiments. Data points indicate individual micronucleated cells. (E)
Representative images of thymic lymphoma tumor sections stained with Hoechst (DNA,
blue) and lamin B (nuclear envelope, red) (micronuclei indicated via yellow arrowheads).
(F) Plot showing percentage of micronuclei in thymic lymphoma tissues that lacked
lamin B. n=3 biological replicates per genotype (also see Table 3-S9). Data points
indicate individual biological replicates. Indicated p values for numerical data were
obtained via unpaired Student’s t-test, for comparisons among two conditions, or a oneway ANOVA with post-hoc Tukey test, for comparisons among more than two
conditions.
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Figure 3-6. Micronuclei in KIF18A KO cells exhibit chromatin expansion upon exit from mitosis.

(A) Stills from time-lapse imaging of micronuclei (arrowheads) in KIF18A KO and
nocodazole treated cells transfected with GFP-H2B to label DNA. (B) Representative
traces displaying fold change in micronuclear chromatin area beginning immediately
after completion of chromosome segregation at the time of initial micronucleus formation
until chromatin was decondensed. Traces shown in B match representative images shown
in A. Individual fold change trace indicates a single representative micronucleus per
condition. (C) Plot of final fold change in micronuclear area (final area divided by initial
recorded micronuclear area), for the indicated conditions. Data points represent
individual micronuclei. n=35 (RPE1+nocodazole), n=19 (KIF18A KO untreated), n=16
(KIF18A KO + DMSO), n=32 (KIF18A KO+nocodazole). Data were collected from four
independent experiments, * p < 0.0001). Data points indicate individual micronuclei.
Error bars indicate s.d. (D) Final ratio of fold change in primary nuclear area, from the
same cells that micronuclei were measured in C. n=18 (RPE1+nocodazole), n=18
(KIF18A KO untreated), n=12 (KIF18A KO+DMSO), n=16 (KIF18A KO+nocodazole);
p = 0.80, n.s. Data points indicate individual primary nuclei. Error bars indicate s.d.
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Statistical comparisons were made using a one-way ANOVA with Tukey’s multiple
comparisons test.
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Figure 3-7. Lagging chromosomes in KIF18A KO cells are located near the spindle poles in late
anaphase.
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(A) Representative images of late anaphase RPE1 cells that were fixed and labeled with
antibodies against centromeres and spindle poles. Arrowheads indicate lagging
chromosomes. (B) Left: Schematic depicting how lagging chromosome positions were
measured and normalized within each half-spindle. Right: Plot showing normalized
lagging chromosome-to-pole distances measured in KIF18A KO RPE1 cells and
nocodazole-washout treated RPE1 WT cells. n=47 (RPE1 WT+nocodazole), n=27
(KIF18A KO). Data collected from three independent experiments, * p < 0.01. Data
points indicate individual lagging chromosomes. Error bars represent s.d. (C) Left:
Schematic depicting how lagging chromosome angles were measured relative to the
central spindle axis. Measured angles were converted to equivalent angles within the
range of 0 and 90 degrees. Right: Plot of lagging chromosome angles relative to the
central spindle axis for the indicated conditions (n = 29, KIF18A KO and n = 47, RPE1
nocodazole-washout; p = 0.19, n.s.). Data collected from three independent experiments.
Data points indicate individual lagging chromosomes. Statistical comparisons were made
using a two-tailed unpaired Student’s t-test.
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Figure 3-8. Lagging chromosomes which form micronuclei further from the spindle pole are more
likely to experience micronuclear envelope rupture.

(A) Plot of locations where micronuclei formed relative to the pole after nocodazole
washout as a function of time of micronuclear envelope rupture in RPE1 cells stably
expressing Centrin-1-GFP and CENP-A-GFP and transfected with mCherry-H2B and
NLS-EGFP. n=31 micronuclei, (17 remain intact and 14 rupture), collected across 14
independent experiments. Dashed line represents the average measured position of
micronucleus formation for micronuclei which experienced micronuclear envelope
rupture: 7.7 +/- 1.2 µm from closest spindle pole. (B) Representative still images of cells
analyzed in (A). Micronuclei indicated by white arrowheads. Micronuclear envelope
rupture denoted by loss of micronuclear NLS-EGFP signal (green) from micronuclear
chromatin, indicated via mCherry-H2B (red).
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Figure 3-S1, related to Figure 3-2. Primary cells extracted from murine thymic lymphoma exhibit
high levels of aneuploidy.

(A) Representative images of metaphase chromosome spreads prepared from individual
biological replicates of primary cells extracted from murine thymic lymphoma, from
Kif18a+/+, Trp53tm1

Tyj/tm1 Tyj

and Kif18agcd2/gcd2, Trp53tm1

Tyj/tm1 Tyj

mice. Indicated

chromosome count number displayed in white. (B) Plot showing the chromosome copy
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number observed in primary lymphoma cells from individual biological replicates (colors
indicate data from individual biological replicates). n = 3 biological samples from
Kif18a+/+, Trp53tm1 Tyj/tm1 Tyj mice (sample 1: 18 cells; sample 2: 20 cells; sample 3: 23
cells); n = 2 biological samples from Kif18agcd2/gcd2, Trp53tm1 Tyj/tm1 Tyj mice (sample 1: 21
cells; sample 2: 10 cells). Dashed lines indicate chromosome copy number for euploidy
(40 chromosomes) and tetraploidy (80 chromosomes).
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Figure 3-S2, related to Figure 3-3. Frequency of micronuclei is increased in thymic lymphoma tissues
from Kif18a mutants.
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(A) Representative images of nuclear envelopes for primary nuclei and micronuclei
occurring in healthy mouse tissue (top) and in thymic lymphoma (middle and bottom)
from the indicated genotypes. Sections were stained with Hoechst (DNA, blue), ezrin
(plasma membrane, red), and lamin A/C (nuclear envelope, green). Arrowheads indicate
micronuclei; yellow arrowheads show micronuclei with complete lamin A/C, and red
arrowheads show incomplete micronuclei. (B) Plot showing the percent of
micronucleated cells in thymic lymphoma tissues for indicated genotypes. Data points
represent individual biological samples.
Kif18a+/+, Trp53tm1

Tyj/tm1 Tyj

n=3 biological replicates per genotype;

n= 1632 cells; Kif18agcd2/gcd2, Trp53tm1

Tyj/tm1 Tyj

n = 1615

cells; * p < 0.01; (Table S4). Statistical comparison was made via χ2 analysis. (C) Plot
showing the percent of micronuclei lacking recruitment of lamin A/C in thymic
lymphoma tissues for indicated genotypes. Data points represent individual biological
samples. n=3 biological replicates per genotype; Kif18a+/+, Trp53tm1

Tyj/tm1 Tyj

n= 54

micronuclei; Kif18agcd2/gcd2, Trp53tm1 Tyj/tm1 Tyj n = 90 micronuclei; * p = 0.29; (Table S5).
Statistical comparison was made via χ2 analysis.
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Figure 3-S3, related to Figure 3-4. Validation of lamin A/C staining to assess micronuclear envelope
integrity.

(A) Representative images of KIF18A KO cells and RPE1 cells treated with nocodazole
washout stained with DAPI (DNA) and antibodies against lamin A/C and mCherry 24
hours following transfection with mCherry-NLS construct.

(B) Percentage of

micronuclei exhibiting retainment or loss of mCherry-NLS signal as a function of
continuous or incomplete nuclear membrane signal (lamin A/C). Of 140 micronuclei
imaged and scored: 47 micronuclear envelopes with continuous lamin A/C signal
contained mCherry signal (1 showed mCherry loss); 87 micronuclear envelopes with
incomplete lamin A/C signal experienced mCherry loss (5 retained mCherry signal).
Comparison of these two criteria for the same micronuclei indicated that lamin A/C
signal alone correctly predicted the integrity of the micronuclear envelope for 96% of
cells (134/140 micronuclei). Validation data were collected from two independent
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experiments. (C) Representative still images of RPE1 cells expressing mCherry-H2B and
NLS-EGFP that were treated with nocodazole washout to induce micronucleus
formation. Cells were imaged immediately after drug washout to investigate time from
micronuclear formation to time of micronuclear rupture (indicated by loss of NLS-EGFP
signal from co-occurring mCherry-H2B labeled micronucleus). White arrowheads
indicate micronuclei with intact nuclear envelopes, red arrowheads indicate micronuclei
after rupture. (D) Plot displaying the time from micronuclear formation to micronuclear
envelope rupture for KIF18A KO and RPE1 cells treated with nocodazole washout. Mean
time to micronuclear envelope rupture indicated within each condition. Arrowhead shows
micronucleus; red arrowhead signifies ruptured micronucleus. n=34 (RPE1 + Nocodazole
washout); n=36 (KIF18A KO); p-value=0.33 n.s. Data from 12 independently performed
experiments. (E) Graph displaying percentage of ruptured micronuclear envelopes
observed in the indicated conditions (from data in D) for micronuclei that remain within
the field of view for at least 2.5 hours. Statistical test performed via Chi-square
contingency test; * = significance: p < 0.01.
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Figure 3-S4, related to Figure 3-7. Lagging chromosomes are infrequently observed in KIF18A KO
late anaphase cells.

(A) Representative late anaphase RPE1 cells treated with nocodazole washout or
containing KIF18A KO mutations. Missegregating chromosomes in the midzone were
quantified in late anaphase by eye and included both lagging chromosomes and DNA
(white arrowhead) and chromatin bridges (yellow arrowhead). (B) Percentage of late
anaphase cells containing one or more lagging chromosomes or chromatin bridges from
the indicated experimental conditions. Lagging chromosomes were observed in 44%
(52/118) of nocodazole-washout treated RPE1 cells, and in 9% (4/43) of KIF18A KO
cells; * p < 0.001. Data are from one experiment. Indicated p value was calculated by χ2
analysis. (C) Plot of standard deviations of chromosome distance measurements, in cells
with chromosomes meeting the definition of “lagging” (See Fig. 7B); measurements in
late anaphase RPE1 cells treated with nocodazole washout or containing KIF18A KO
mutations, p = 0.14, n.s.).
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Figure 3-S5, related to Figure 3-8. Micronuclear envelope rupture incidence does not strongly
correlate with initial chromatin area, micronuclear area, centromere presence, or γH 2AX DNA
damage status.

(A) Plot of initial chromatin area, a proxy for chromosome size, for micronuclei forming
in KIF18A KO or RPE1 nocodazole-washout treated cells. n=35 (RPE1+nocodazole),
n=19 (KIF18A KO untreated), n=31 (KIF18A KO+nocodazole), n=16 (KIF18A
147

KO+DMSO), p = 0.73, n.s. Data points indicate individual micronuclei. (B) Plot showing
area of DAPI-stained micronuclear chromatin in an asynchronous, fixed-cell population,
parsed by completeness of lamin A/C signal for KIF18A KO or RPE1 nocodazolewashout treated cells. n= 219 (RPE1+nocodazole), n=310 (KIF18A KO). KIF18A KO
intact vs. ruptured micronuclei, p = 0.06, n.s.; RPE1 + nocodazole intact vs. ruptured
micronuclei, p = 0.73, n.s. (C) Representative images showing DAPI (DNA, to indicate
micronuclei), along with antibodies against: lamin A/C (to assess micronuclear envelope
integrity), anti-centromeric antibody (ACA; to assess centromere presence), and γH2AX
(to assess DNA damage) associated with micronuclei arising in KIF18A KO cells and
RPE1 nocodazole-washout treated cells. (D) Plot showing micronuclei positive for ACA
signal (top graph; ACA signal indicates micronuclei likely contain whole chromosomes,
while loss of centromeric signal suggests fragmentation), and γH2AX (bottom graph;
γH2AX indicates foci of DNA damage), by method of micronuclear induction and p53
status. Data are pooled from three independent experiments. n=262 (RPE1 Control KD),
n=304 (RPE1 Control+p53 KD), n=398 (KIF18A KO Control KD), n=359 (KIF18A KO
Control KD+p53 KD) n=297 (RPE1 MAD2 KD), n=295 (MAD2 KD+p53 KD), n=312
(RPE1+nocodazole washout), n=518 (RPE1 1 Gy, Control KD), n=620 (RPE1 1 Gy,
Control KD+p53 KD). *, p < 0.0001 (ACA), *, p < 0.0001 (γH2AX). Indicated p values
for numerical data were obtained via unpaired Student’s t-test, for comparisons among
two conditions, or a one-way ANOVA with post-hoc Tukey test, for comparisons among
more than two conditions. Indicated p values for categorical data were calculated by χ2
analysis.
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Table S3-1: Counts of micronucleated cells (MN) in vivo as a fraction of total cells scored in healthy
samples from thymus, spleen and liver tissues from the indicated genotypes. Reported values are the
averages of two independent counts from these sampled tissues. Fixed tissues were labeled with Hoescht
stain and lamin A/C antibodies.
Thymus
Spleen
Liver
MN / Total

Incomplete

MN / Total

Incomplete

MN / Total

Incomplete

Cells

/ Total MN

Cells

/ Total MN

Cells

/ Total MN

Kif18agcd2/gcd2,

83/1317

2/83

119/2587

6/74

57/1115

3/57

+/+

(6.3%)

(2.4%)

(4.6%)

(8.1%)

(5.1%)

(5.3%)

Kif18agcd2/gcd2,

120/1496

14/120

68/1468

5/68

41/735

2/41

Trp53+/tm1 Tyj

(8.0%)

(11.7%)

(4.6%)

(7.4%)

(5.6%)

(4.9%)

36/602

4/36

97/2410

16/122

46/811

8/46

(6.0%)

(11.1%)

(4.0%)

(13.1)

(5.7%)

(17.4%)

Trp53

Kif18a

gcd2/gcd2

,

Trp53tm1 Tyj/tm1 Tyj
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Table S3-2: Quantified micronuclear load within thymic lymphoma tissues from mice of the
indicated genotypes. Fractions indicate number of micronucleated cells as a fraction of total cells scored,
with percentage in parentheses. Individual micronuclear loads reported for each of three biological
replicates per genotype. Far right column reports totals.
Genotype
Micronuclear load in thymic lymphoma

Kif18a

+/+

, Trp53

m1 Tyj/tm1 Tyj

Kif18agcd2/gcd2, Trp53tm1 Tyj/tm1 Tyj

MN / Total Cells (%)

Total MN / Total Cells (%)

26/647

(4%)

107/3099

(3.5%)

37/1161

(3.2%)

44/1291

(3.4%)

68/1286

(5.3%)

253/4210

(6.0%)

94/1272

(7.4%)

91/1652

(5.5%)
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Table S3-3: Counts of micronuclei lacking complete lamin A/C within thymic lymphoma tumor
tissues from the indicated genotypes, as determined via lamin A/C antibody staining. Frequency of
micronuclei with incomplete lamin A/C reported for each of three biological replicates per genotype.
Fraction indicates incomplete (discontinuous or absent) circumference of lamin A/C surrounding
micronuclear chromatin, of total micronuclei scored. Far right column reports totals.
Genotype
Incomplete MN /Total MN (%)
Total Incomplete MN /Total MN (%)
Kif18a+/+, Trp53+/+

Kif18agcd2/gcd2, Trp53tm1 Tyj/tm1 Tyj

14/26

(54%)

13/37

(35%)

19/44

(43%)

29/68

(43%)

47/94

(50%)

41/91

(45%)
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46/107

(43%)

117/253

(46%)

Table S3-4: Quantified micronuclear load within thymic lymphoma tissues from mice of the
indicated genotypes, stained with DAPI and the plasma membrane protein, ezrin, as a cell boundary
marker. Fractions indicate number of micronucleated cells as a fraction of total cells scored, with
percentage in parentheses. Individual micronuclear loads reported for each of three biological replicates per
genotype. Far right column reports totals.
Genotype
Micronuclear load in thymic lymphoma

Kif18a

Kif18a

+/+

, Trp53

gcd2/gcd2

m1 Tyj/tm1 Tyj

, Trp53

tm1 Tyj/tm1 Tyj

MN / Total Cells (%)

Total MN / Total Cells (%)

17/592

54/1632

(3.3%)

90/1615

(5.6%)

(2.9%)

19/493

(3.9%)

18/547

(3.3%)

32/624

(5.1%)

25/468

(5.3%)

33/523

(6.3%)
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Table S3-5: Counts of micronuclei with incomplete lamin A/C within thymic lymphoma tumor
tissues from the indicated genotypes, as determined via lamin A/C antibody staining and using the
plasma membrane protein, ezrin, as a cell boundary marker. Frequency of micronuclei with
incomplete lamin A/C reported for each of three biological replicates per genotype. Fraction indicates
micronuclei lacking complete lamin A/C, of total micronuclei scored. Far right column reports totals.
Genotype
Incomplete MN /Total MN (%) Total Incomplete MN /Total MN (%)
Kif18a+/+, Trp53+/+

Kif18agcd2/gcd2, Trp53tm1 Tyj/tm1 Tyj

5/17

(29%)

8/19

(42%)

7/18

(39%)

11/32

(34%)

10/25

(40%)

15/33

(45%)
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22/54

36/90

(41%)

(40%)

Table S3-6: Micronucleated RPE1 or KIF18A KO cells, as a fraction of total cells following each
induction mechanism (see experimental design, Figure 3-4A). For both frequency of micronucleated
cells and fraction of micronuclei lacking complete lamin A/C described below in each condition, data are
pooled from three independent experiments.
MN Induction Method (RPE1)
MN / Total cells (%)
RPE1 Control KD

43 / 4188

(1.0%)

RPE1 Control KD+p53 KD

63 / 3536

(1.8%)

KIF18A KO Control KD

35 / 661

(5.3%)

KIF18A KO Control KD+p53 KD

48 / 869

(5.5%)

RPE1 MAD2 KD

49 / 1223

(4.0%)

RPE1 MAD2 KD+p53 KD

82 / 1157

(7.1%)

RPE1 + nocodazole washout

223 / 4005

(5.6%)

RPE1 1 Gy, Control KD

414 / 2189

(19.0%)

RPE1 1 Gy, Control KD+p53 KD

700 / 3080

(23.0%)
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Table S3-7: Frequency of incomplete micronuclear envelope (assessed via lamin A/C) in RPE1 or
KIF18A KO cells under the indicated conditions. Micronuclear envelope assessed via presence or
absence of continuous lamin A/C staining. Data are pooled from four independent experiments.
MN Induction Method (RPE1)
Incomplete MN / Total MN (%)
RPE1 Control KD

161 / 485

(33%)

RPE1 Control KD+p53 KD

160 / 510

(31%)

KIF18A KO Control KD

131 / 807

(16%)

KIF18A KO Control KD+p53 KD

109 / 720

(15%)

RPE1 MAD2 KD

292 / 631

(46%)

RPE1 MAD2 KD+p53 KD

275 / 648

(42%)

RPE1 + nocodazole washout

420 / 726

(57%)

RPE1 1 Gy, Control KD

201 / 622

(32%)

RPE1 1 Gy, Control KD+p53 KD

235 / 778

(30%)
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Table S3-8: Micronucleated cells lacking complete lamin A/C micronuclear envelope in RPE1 and
KIF18A KO cells subjected to DMSO treatment or nocodazole-washout, as indicated. Data are pooled
from three independent experiments.
MN Induction Method (RPE1 cells)
Incomplete MN / Total MN (%)
RPE1, Untreated

58 / 161

(36%)

RPE1 + DMSO washout

57 / 162

(35%)

RPE1 + nocodazole washout

101 / 171

(59%)

KIF18A KO, Untreated

52 / 253

(21%)

KIF18A KO + DMSO washout

64 / 293

(22%)

KIF18A KO + nocodazole washout

146 / 278

(53%)
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Table S3-9: Counts of micronuclei lacking lamin B as a fraction of total micronuclei counted in
thymic lymphoma tumor tissues from the indicated genotypes. Data are reported for each biological
replicate per genotype. Fractions indicate number of micronuclei lacking lamin B out of total micronuclei
scored. Far right column reports totals from all 3 replicates.
Genotype
Lamin B recruitment to micronuclei in thymic lymphoma
MN without lamin B / Total MN
Kif18a

+/+

, Trp53

m1 Tyj/tm1 Tyj

Kif18agcd2/gcd2, Trp53tm1 Tyj/tm1 Tyj

52/107

(49%)

54/104

(52%)

44/100

(44%)

72/159

(45%)

43/77

(56%)

85/151

(56%)
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(%)

Grand totals

(%)

150/311

(48%)

200/387

(52%)

Chapter 4: Discussion
Data presented in this dissertation demonstrate that chromosome alignment in
metaphase and positioning in late anaphase are important for maintaining genomic
stability by ensuring the formation of a single, organized nucleus and stable nuclear
envelope (Figure 4-1). While chromosome alignment is not required for maintaining
equal chromosome segregation in somatic cells (Figure 2-2), we show that it does
provide a mechanism for anaphase compaction and prevention of abnormally lobed
nuclei and micronuclei (Figure 2-3; Figure 2-4; Figure 2-5; Figure 2-7).

When

micronuclei do arise following loss of KIF18A, they form relatively stable
micronuclear envelopes due to successful recruitment of nuclear envelope components
(Figure 3-3; Figure 3-4; Figure 3-5), which enables proper chromatin decompaction in
telophase (Figure 3-6). We provide evidence that this stability occurs as a result of
lagging chromosomes being positioned closer to the main chromatin masses in KIF18A
KO cells (Figure 3-7; Figure 3-8). These findings provide a possible explanation for the
lack of cancer predisposition in Kif18a mutant mice (Chapter 2; Zhu et al., 2013) and
raise new questions about the impact of micronuclei on genomic stability.
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Figure 4-1. Model depicting the impacts of chromosome alignment on formation of a single organized
nucleus and describing potential impacts to genomic stability. If unaligned chromosomes form
micronuclei in non-tumorous cells, these micronuclei most often form near the spindle poles: therefore, the
active Aurora B gradient does not interfere with recruitment of core and non-core nuclear envelope
components to this micronuclear envelope. However, if micronuclei form in tumor cells, increased rupture
frequency is noted, leading to additional questions for further investigation.
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Previously, the field has considered micronuclei not only as passive biomarkers,
but also active drivers of genomic instability. Micronucleated chromosomes are found
to harbor damaged chromatin and often exhibit aberrant DNA repair and replication
which is asynchronous to the primary nucleus in the same cell (Crasta et al., 2012;
Hatch et al., 2013). As a result of this observed localized damage, micronuclei have
been deemed a permissive environment which facilitates massive chromosomal
rearrangements. Additionally, micronuclei are often observed to possess abnormal
micronuclear envelopes which frequently lack key nuclear components, such as nuclear
pores (Hatch et al., 2013; Liu et al., 2018). Micronuclei with abnormal nuclear
envelopes exhibit defects in import and export capabilities, and due to their insufficient
deposition of nuclear components, frequently experience rupture (Hatch et al., 2013;
Zhang et al., 2015; Denais et al., 2016; Robijns et al., 2016; Shah et al., 2017; Liu et al.,
2018; Kwon et al., 2020). Nuclear envelope rupture has been implicated as a major
contributor to DNA damage. Unlike transient rupture of the primary nuclear envelope,
cells lack mechanisms to repair micronuclear rupture effectively (Hatch et al., 2013;
Hatch and Hetzer 2016; Raab et al., 2016; Shah et al., 2017; Maciejowski and Hatch,
2020; Kwon et al., 2020).
In a seminal study pairing long-term live microscopy and whole-genome,
single-cell sequencing (an approach termed, ‘Look-seq’) to investigate the fate of
micronuclei, micronuclei were first generated by nocodazole drug treatment and
washout in p53 KD RPE1 cells (Zhang et al., 2015). These F1 micronuclei were
imaged through another complete cell cycle, where all micronucleated cells were
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observed to experience micronuclear envelope rupture in S phase before dividing to
produce two, F2 daughter cells. After collecting these live imaging data, both daughter
cells produced from each recorded division were selected for whole-genome, singlecell sequencing. The parental RPE1 genotype had previously been fully sequenced for
comparison. Because a micronuclear chromosome would not be evenly distributed to
both daughter cells, it was easily identified by comparing the whole genome data from
both daughters. As expected, all the pairs of F2 daughter cells which were sequenced
showed copy number asymmetries that allowed identification of micronucleated
chromatin. Following this Look-seq approach, chromothripsis was noted in 8 of 9 pairs
of F2 daughter cells (Zhang et al., 2015). This study cemented the understanding that
(1) mitotic defects could lead to chromothripsis via the formation of micronuclei, (2)
chromothripsis could arise following a single erroneous cell division event, and (3)
patterns of chromosome mis-segregation and wide-scale DNA rearrangements could be
directly linked mechanistically (Zhang et al., 2015; Knouse and Amon, 2015).
Subsequent micronuclear studies relied upon similar micronuclear induction techniques
by creating improper attachments of kinetochore-microtubules. These largely
strengthened the belief that localized DNA damage, frequent replication stress, and
aberrant nuclear envelopes were characteristic of micronuclei writ large.
While studies such as these greatly advanced the field’s mechanistic
understanding of how micronuclei capably lead to genomic instability, some of these
details remain controversial. For example, it is unclear whether a majority of the DNA
damage observed in micronuclei arises due to the error-prone DNA replication of
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micronucleated chromatin, or if this damage is largely acquired during the missegregation event leading to micronuclear formation itself (Terradas et al., 2009;
Janssen et al., 2011; Crasta et al., 2012; Holland and Cleveland, 2012; Hatch et al.,
2013; Hatch and Hetzer, 2016; Zhang et al., 2015; Liu et al., 2018; He et al., 2019; Ly
et al., 2019; Kneissig, et al., 2019). Additionally, although micronuclear rupture has
been commonly implicated in leading to genomic instability, it is unclear if rupture is a
necessary precursor to the wide-scale, complex rearrangements meeting the definition
of chromothripsis.
Recent work shows that not all micronuclei are similarly predisposed to rupture
(Liu et al., 2018; He et al., 2019). Investigation of nuclear envelope assembly defects in
micronuclei demonstrated that the position of micronucleus formation impacts stability
of the micronuclear envelope (Liu et al., 2018). This work demonstrated that
micronuclei arising due to nocodazole washout and occurring in the central, midzone
region often fail to recruit “non-core” nuclear envelope components, leading these
micronuclear envelopes to be unstable (Liu et al., 2018). However, when micronuclei
were generated via monopolar spindle 1 kinase (MPS1) inhibition and combined with
knockdown of tubulin tyrosine ligase to generate micronuclei in a distinct, peripheral
region (off the central spindle axis and far from the midzone; often located behind a
spindle pole), these micronuclei were sufficiently able to recruit both “core” and “noncore” components, thereby forming more stable nuclear envelopes (Liu et al., 2018).
These peripheral micronuclei were also shown to exhibit successful nuclear import
capability, less DNA damage, and more normal levels of DNA replication, compared to
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midzone-forming micronuclei (Liu et al., 2018). Another recent study promoted
micronuclear formation in kangaroo rat kidney (PtK1) cells via treatment of S-Trityl-Lcysteine (STLC), a kinesin Eg5 inhibitor that causes monopolar spindle formation by
preventing centrosome separation (Skoufias et al., 2006). Upon drug washout, improper
attachments of kinetochore-microtubules become more common, leading to lagging
chromosomes and micronucleus formation (Skoufias et al., 2006; He et al., 2019).
Interestingly, it was reported that these micronuclei did not experience micronuclear
envelope rupture or transport defects (He et al., 2019). Despite not demonstrating
nuclear envelope defects, these micronuclei were still observed to contribute to
genomic instability by perpetuating chromosome segregation defects to daughter cells
(He et al., 2019). Taken together with our recent work, the results of these studies
suggest that the specific insult leading to micronucleus formation, and relatedly – the
sub-cellular location of micronuclear formation – is most predictive of its resulting
nuclear envelope stability and therefore the relative risk to micronucleated chromatin
(Chapter 3; Liu et al., 2018; He et al., 2019). However, the specific mechanistic
contributors underlying this difference in envelope integrity (localized pools of active
Aurora B gradients, steric inhibition of nuclear envelope reassembly via bundled
midzone microtubules, proximity to the ER which stores membrane components – or
contributions from all of these) remain under debate. These data undermine a previous
assumption in the field that a micronucleus per se is sufficient to drive genomic
instability, and instead suggest that additional criteria, such as loss of tumor suppressor
activity,

micronuclear

envelope

rupture,
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or

continued

mis-segregation

of

micronucleated chromosomes, may be required cause the large-scale genomic
rearrangements which have been attributed solely to micronuclear presence (Crasta, et
al, 2012; Hatch et al., 2013; Zhang et al., 2015, Liu et al., 2018; He et al., 2019).
Why do the conclusions presented in this dissertation about integrity of KIF18A
KO micronuclei notably diverge from previous literature? It is important to recognize
that micronuclei can arise due to a number of mitotic errors, including a variety of
distinct chromosome segregation defects and unrepaired DNA damage. However, most
approaches to investigate micronuclei in laboratory studies have relied on the induction
of improper attachments between kinetochores and microtubules during mitosis. For
example, the microtubule poison, nocodazole, is often used to induce micronuclei by
promoting improper attachments. However, also in addition to perturbing kinetochoremicrotubule attachments, treatments such as these often also entirely disrupt bipolar
spindle geometry. Because the majority of micronucleus studies have utilized similar
induction protocols, it is unclear if conclusions obtained from these studies are
applicable to micronuclei en bloc or if micronuclei forming following varied insults
differentially impact cellular fitness. In order to study the contribution of micronuclei
to genomic instability over repeated divisions, experiments in cell culture systems have
also typically been performed in cell lines lacking wild type p53 activity. Further, most
of the admittedly limited in vivo micronuclear studies consist of individual case studies
and whole-genome sequence data sourced from patient tumor databases: contexts
which categorically lack normal p53 function. This confounding issue further mystifies
attempts to separate impacts of micronuclear formation itself from mitotic insults, often
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introduced through induction of improper attachments, and from cell cycle
dysregulation, through inhibition of cell cycle checkpoints or silencing of tumor
suppressor activities, such as p53. As such, it is unclear if the additive loss of tumor
suppressor activities is a necessary contributor toward the genomic instability to which
micronuclei have been linked – or if the presence of micronuclei per se is sufficient to
lead to genomic instability.
To address these confounding contributions and more clearly delineate the
impact of micronuclear rupture on overall genomic stability, additional models to
genetically induce and study micronuclei in vivo are required. One method is to apply
an existing in vivo model known to have an elevated incidence of micronuclei: a clear
candidate for such investigation are ATM deficient mice (Chapter 2). These mice
demonstrated micronuclear incidence at a rate similar to Kif18a mutant mice (Chapter
2; Figure 2-3), however, unlike Kif18a mice which do not develop spontaneous tumors,
ATM mutant mice do typically develop tumors between 2-4 months of age (Barlow et
al., 1996). It would be interesting to determine whether the incidence of micronuclear
envelope rupture in these mice is increased compared to Kif18a mutants, and whether
chromothripsis is observed in these tumors. Another existing mouse model which could
be used to investigate the relationship between micronuclear incidence, micronuclear
envelope rupture, and tumorigenesis is MAD2 mutant mice. Although MAD2-null mice
are not viable (Michel et al., 2001), MAD2 heterozygous mice would provide a usable
model, as MAD2 deficiency is known to cause premature anaphase and chromosome
instabilities, and MAD2 haploinsufficient mice develop lung tumors (Michel et al.,
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2001). The loss of MAD2 does lead to micronucleus formation with a moderate rupture
frequency compared to KIF18A KO micronuclei, as observed in cell culture conditions
(Chapter 3; Figure 3-4). One could conduct a survival study using either of these two
existing models, while also collecting sectioned healthy and tumorous tissues from a
few individuals to assess micronuclear rupture incidence in these contexts. When an
endpoint is reached, tumors can be harvested for whole-genome sequencing to assess
whether chromothripsis or other notable genomic alterations have occurred. It would be
difficult, however, to assess whether micronuclear rupture is indeed definitively linked
to tumor formation and alterations of genomic stability in either of these existing
models – as instability may be a result of DNA damage or chromosome segregation
errors, rather than of micronuclear rupture itself. For this reason, a more targeted
modeling approach may provide the specificity needed to probe the causal relationship
between micronuclear rupture and a direct impact to genomic stability.
One method to allow a more rigorous, controlled system for investigating this
question in vivo would be to engineer a novel mouse model to conditionally induce
chromosome-specific aneuploidies. This powerful model stems from recent
advancements in the field to expressly induce chromosome-specific micronuclei in
vitro using CRISPR and other genetically-targeted approaches. Techniques such as this
allow generation of populations of cells with the same mis-segregating chromosome
(Ly et al., 2019; Dumont et al., 2020), intentionally producing micronuclei with the
biased inclusion of a specified chromosome for study. A creative approach to engineer
chromosome-specific aneuploidies was discussed not long ago by Susanne Lens and
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Sarah McClelland at a recent meeting. In their described system, a specified
chromosome can be selected to mis-segregate via an inducible LacO/LacI approach
(Janicki et al., 2004). Upon treatment with rapamycin, an introduced minus-end
directed motor, the type-VI kinesin-14, associates with the chromosome of interest
(Jonsson et al., 2015). The recruitment of this motor to the targeted chromosome will
pull upon that chromosome’s arms at the metaphase plate, causing the chromosome to
stall in the mid-zone rather than segregating normally and increasing the likelihood this
chromosome will mis-segregate and/or become micronucleated. A mouse model could
be designed using this technology in a particular tissue of interest, or mis-segregation
events could be globally induced upon feeding the colony rapamycin-treated food. If a
specific, known chromosome is designed to mis-segregate and become micronucleated
more frequently, this targeted manipulation would allow unparalleled interpretations
and conclusions from sequencing data. These mice could be followed over time, after
induction of the designed chromosome-specific mis-segregation, to understand if
micronucleation was causative of chromothripsis in this model, and if chromothripsis
acted as driver of tumorigenesis – if tumors indeed develop in this system. This type of
control and clarity is currently unmatched by other existing in vivo systems.
Do micronuclei that form following loss of Kif18a and p53 lead to
chromothripsis? In order to answer this question, we have begun sequencing primary
cells from thymic lymphoma and sarcoma, excised from these mice in collaboration
with the Vermont Integrative Genomics Resource Core. We submitted three biological
samples of each genotype (Kif18a+/+ , Trp53tm1 Tyj/tm1 Tyj and Kif18agcd2/gcd2 , Trp53tm1
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Tyj/tm1 Tyj

), and tumor type for whole genome long-read Oxford Nanopore sequencing to

obtain large fragments ideal for identifying structural variants. Populations of cells
from each genotype were grown at low passage numbers (passages 4 or 5) before
gDNA was extracted, short fragments eliminated, and high-quality long reads
sequenced at 3x read depth. We are currently working with the core to analyze the
initial data. Additionally, long reads can be paired with shorter reads, obtained via
Illumina sequencing from the same extracted gDNA pellet. The Nanopore long-read
DNA sequencing approach, paired with shorter Illumina scaffold reads, will inform the
genomic state of these tumors with limited amplification error and greater genomic
context to optimize the identification of structural changes to the genome. These
collective data have the potential to provide additional insight into whether large-scale
structural variants consistent with chromothripsis or other chromosome structural
alterations contributed to tumor initiation or progression. Such variants are expected to
be prominently shared within the cell population of a single tumor.
If conclusive, this sequencing data may lead to new directions focused on
questions about the effects of micronuclei on genomic stability across multiple tumor
models. While a range of outcomes are possible, my hope is that the data will shed light
on the impact of micronuclei on genomic instability in vivo for these particular tumor
models. It is possible that we will observe localized but wide-scale genomic structural
changes meeting the definition of chromothripsis in these tumor samples. It is
important to note that although we observed a higher frequency of micronuclei within
tumors from mice lacking both Kif18a and Trp53, the rates of micronuclear envelope
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rupture did not vary between genotypes within the thymic lymphoma tissue context
(Chapter 3). Does the increased rate of micronuclear envelope rupture seen in thymic
lymphoma lead to an increased incidence of chromothripsis in these tissues? Perhaps,
due to the elevated frequencies of micronuclear envelope rupture observed in tumors
from both genotypes, we would see similar rates of chromothripsis in these samples,
with no difference in chromothripsis prevalence between the genotypes. Additionally,
we observed little to no difference in survival for Kif18a and p53 double mutants,
compared to the loss of p53 alone, among p53 homozygous and heterozygous
backgrounds, respectively. If chromothripsis is evident in tumor tissues, does
chromothripsis not drive tumorigenesis or reduce survival in this model?
It is also possible that we may observe a difference in the prevalence of
chromothripsis between the two genotypes: Kif18agcd2/gcd2 , Trp53tm1
Kif18a+/+ , Trp53tm1

Tyj/tm1 Tyj

Tyj/tm1 Tyj

and

. If this were the case, this may be purely due to the

increased frequency of micronuclei observed in the tissues of mice lacking both
functional Kif18a and Trp53. If there is a difference in the prevalence of chromothripsis
between these genotypes, why did this not lead to a greater difference in survival? On
the other hand, this outcome could provide evidence that alternative cellular events
beyond micronuclear envelope rupture are strong contributors to the phenomenon of
chromothripsis. One possible factor beyond envelope rupture is the proliferative rate of
the tumor cells (see Chapter 1). If one genotype has a greater prevalence of
chromothripsis overall, although the overall rupture frequency is similar, it may stand
to reason that those tumor cell populations are continuing to divide at a higher
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frequency and providing greater opportunity for micronuclei to become reintegrated to
the primary nucleus. Our mouse model study investigated differences in survival, rather
than rates of tumor growth. If the sequencing data warrants further investigation into
tumor proliferation rates, a mouse xenograft model of the collected sarcoma cells may
be useful to investigate the tumor growth rates for each genotype. Live, long-term
imaging of primary sarcoma cells may also prove informative about the reintegration
frequency of micronuclear chromatin content into main nuclei after repeated mitotic
cycles. However, continued growth in an ex vivo environment may artificially interfere
with the physiological relevance of this system (Chan and Ball, 1985).
Another possible outcome is that micronuclei in the mouse tumor samples do
occasionally lead to chromothripsis, but that those large-scale genomic alterations are
not drivers of tumorigenesis in this model. If this were the case, although genomic
sequence rearrangements meeting the definition of chromothripsis may be observed in
the sequencing, these mutations may not constitute a large percentage of consensus
sequence reads throughout the bulk gDNA (extracted from the pooled cells of a single
biological tumor sample). In this case, we may conclude that the particular, randomly
acquired genomic rearrangements constituting chromothriptic events did not provide an
evolutionary adaptive advantage or drive tumorigenesis.
Alternatively, it is feasible that micronucleated DNA from Kif18a and Trp53
double mutant mice does lead to increases in other types of genomic instability, such as
chromosomal structural defects - other than chromothripsis. If this is the case, these
structural variants – including inversions, translocations, insertions, and deletions – will
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be identified by our bioinformatics analysis pipeline. It is also possible that there is no
difference in the frequency of genomic rearrangements between the two tumor types,
and this may explain the little to no difference in survival observed between these two
genotypes from our study (Chapter 3, Figure 3-2). It is possible that the small reduction
in survival observed for Kif18agcd2/gcd2 , Trp53tm1

Tyj/tm1 Tyj

mice, in comparison to

Kif18a+/+ , Trp53tm1 Tyj/tm1 Tyj mice, may be related to the reduction in body growth rate
of Kif18a mutant mice – making these mice less fit when challenged by the added loss
of p53.
Given the incredible degree of genomic instability (including aneuploidy and
chromosomal instability) that has been characterized within tumors from Trp53tm1

Tyj

mice (Jacks et al., 1994; Liu et al., 2003; Baker et al., 2009), it would be unlikely that
we would not observe significant genomic mutations via sequencing. However, it is
plausible that there could be such a large background of genomic instability and
mutations observed throughout the sequencing data that we may not have enough
sensitivity to assess meaningful differences between the genotypes within our limited
number of samples. In this case, more samples may be required to make interpretable
conclusions.
Why do tumorous and non-tumorous tissues have varied levels of micronuclear
rupture? Do differences in aneuploidy underlie these differences in rupture, or are
tumor cells more likely to experience lagging chromosomes further from the spindle
poles? Our metaphase chromosome spreads from primary thymic lymphoma cells,
described in Chapter 3, Figure 3-S1, indicate that there are similar levels of aneuploidy
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between genotypes. These experiments can be repeated in primary non-tumorous
fibroblast type cells and in sarcoma cells previously collected from these Kif18a+/+ ,
Trp53tm1

Tyj/tm1 Tyj

and Kif18agcd2/gcd2, Trp53tm1

Tyj/tm1 Tyj

mice. As mentioned, similar

tumor models from p53 null mice experience high degrees of aneuploidy (Liu et al.,
2003; Baker et al., 2009), so it is expected that these primary sarcoma cells from our
model would also exhibit high degrees of aneuploidy. However, it is possible that
sarcoma tumor cells exhibit higher rates of chromosome mis-segregation than primary
cells extracted from non-tumorous tissues, and this may explain the elevated rates of
micronuclear envelope rupture observed in tumor cells of each genotype. To address
the question of differences in lagging chromosome positioning, one could use high
resolution, high temporal imaging of the murine primary sarcoma cells extracted from
tumors of Kif18a+/+, Trp53tm1 Tyj/tm1 Tyj and Kif18agcd2/gcd2, Trp53tm1 Tyj/tm1 Tyj mice. After
electroporating cells with a fluorescently labeled pole marker (venus-centrin) and
chromatin marker (GFP-H2B), one could image primary sarcoma cells every 20
seconds to measure average positions for micronucleus formation in these cells in a
single channel, to limit phototoxicity (following optimized and previously used
protocols outlined in Chapter 3, Figure 3-7). If lagging chromosomes forming
micronuclei occur with greater frequency at distances further from the spindle poles,
this may explain the increased rupture frequency observed in vivo within these tumors.
Alternatively, as suggested by our in vivo data (Chapter 3), it is possible that
there are additional changes in the process of cellular transformation which may act to
increase the frequency of micronuclear rupture. As mentioned in Chapter 3, previous
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research in the field of nuclear architecture has demonstrated that a reduction of lamina
is associated with reduced stress resistance in the nuclear envelope, resulting in more
frequent nuclear blebbing and rupture (Vergnes et al., 2004; Vargas et al., 2012; Hatch
et al., 2013; Denais, et al., 2016). More recently, it has been shown that an upregulation
of lamina expression in transformed cancer cells enables those nuclei to withstand
greater mechanical forces and limit nuclear deformation, though this nuclear stiffness
directly limits invasion efficacy (Vortmeyer-Krause et al., 2020). These conclusions
suggest a tuned balance must be struck in the regulation of nuclear envelope dynamics
for metastatic, transformed cells to both withstand increased cytoskeletal forces and
promote invasion efficiency (Vortmeyer-Krause et al., 2020). The increased stiffness of
tumorous tissue architecture, paired with increased cytoskeletal forces present, may
greatly contribute to the increased prevalence of micronuclear envelope rupture in this
context. Though growing evidence links increased mechanical stress to elevated rupture
of primary nuclei in cancer cells, more research is needed to completely map these
mechanistic changes to micronuclear envelope rupture in an in vivo context. In order to
address these remaining questions in this model, one could grow primary sarcoma cells
from both genotypes in small organoids within extracellular matrix material of varied
stiffness to observe whether micronuclear rupture frequencies increase in response to
increased extracellular stiffness. Additionally, primary sarcoma cells and/or RPE1 cells
could be treated with a myosin inhibitor, such as blebbistatin, to investigate whether
reduction in experienced cytoskeletal forces reduce frequency of micronuclear rupture.
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Further, it is possible that KIF18A KO micronuclei may be able to compensate
within environments/contexts where they are not exposed to higher rates of cytoskeletal
forces. If this were the case, one would expect that KIF18A KO micronuclei
experiencing cytoskeletal forces would rupture less frequently than micronuclei
induced via nocodazole treatments. To investigate this question and obtain more precise
measurements of the relative forces required for nuclear envelope rupture, one could
use an optical trapping experimental approach. After lysing populations of
micronucleated cells and using ultra-centrifugation or sucrose gradients to isolate
micronuclei from primary nuclei, one could pull on micronuclear envelope membranes
to test the force required for rupture among differently induced micronuclei, comparing
forces required for rupturing micronuclei from KIF18A KO cells and nocodazolewashout treated cells. This approach would provide complementary data to other
inquiries of primary nuclear envelope stability in the field, exploring how successful
incorporation of both “core” and “non-core” nuclear envelope components in KIF18A
KO micronuclei may translate to greater sustained envelope integrity under applied
physical stressors.
An alternative – and more physiologically relevant approach – to investigate
cytoskeletal force-challenges on micronuclear envelopes could involve forced
migration assays between micronucleated KIF18A KO and RPE1 WT, nocodazolewashout treated cells. To use this approach, a chemo-attractant gradient would be used
to encourage directed cell migration through a constricted opening or permeable
membrane. The relative size of the constriction could be adjusted over repeated
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experiments to force varying degrees of cellular and nuclear deformation in order to
permit the cell to successfully move through this small opening (Justus, et al., 2014;
Vortmeyer-Krause, et al., 2020). As discussed above, if micronuclear envelopes arising
in KIF18A KO cells are more capable of withstanding increased cytoskeletal forces,
one would expect these micronuclei to rupture less frequently. Micronuclear rupture
frequency could be assessed via containment or loss of a fluorescently-labeled nuclear
localization sequence (such as mCherry-H2B).
In support of these above possibilities, we have previously observed that
KIF18A KO cells at higher passages, and grown to greater confluency, experience
increased rates of micronuclear envelope rupture (data not shown). It is possible that,
over time, (1) a greater frequency of micronuclei form further from the spindle poles,
and/or (2) exposure to increased cytoskeletal forces, such as from overgrowth in cell
culture or transformation in tumor tissues, lead to increased micronuclear envelope
rupture frequency. For this reason, investigation into this phenomenon using both low
passage, low density; and high passage, high density KIF18A KO cells in the above
experiments would prove a useful comparison (in addition to comparison with
nocodazole-washout treated RPE1 cells) in addressing these questions.
Although our work has demonstrated the critical role of chromosome alignment
to maintaining genomic stability via ensuring the formation of a single, organized
nucleus – many questions remain regarding mechanistic contributors to micronuclear
envelope stability. Furthermore, how micronuclei cause genomic instability in an in
vivo context remains poorly understood. In order to sufficiently address these gaps and
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understand the contributions of micronuclear envelope rupture, additional models to
genetically induce micronuclei with varied and tunable rates of micronuclear rupture in
vivo are required.
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